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The major purpose of this thesis is to discuss the various problems of the gra.sping and 
manipulation by robotic multifingered hands and arm-hand systems. 
This thesis consists of two parts. In the first part of Chapters 2 through 4, dliscussions 
are made on gra.sping and manipulation by multifingered hands. In the second part of 
Chapters 5 and 6, cooperative manipulations with grasping by macro-micro manipulators 
and arm-hand systems are dealt with. 
In the gra.sping and manipulation by mnltifingered hands, the fingertip force must be 
applied to an object suitably for the secure grasping and desired manipulation. In Chap-
ter 2, the gra.sping and manipulating forces are defined as the components of fingertip force 
for the above aim. Ba.sed on the concept of these forces, a control scheme of multifin-
gered hands for gra.sping and manipulation is proposed in Chapter 3, and adaptation of 
the grasping force for the secure grasping is proposed in Chapter 4 as an adaptive grasping. 
It is a matter of fact that the rolls of the arms and hands are important to the cooperative 
manipulations with grasping by arm-hand systems. In the comparison of their abilities, the 
arms are considered as macro manipulator, and the multifingered hands are considered as 
micro manipulator. That is, the arms generally have big motion ranges, but are not suitable 
for compliant motions because of their big masses. On the other hand, the multifingered 
hands are suitable for compliant motions because of their small ma.sses, but they have 
relatively small motion ranges. Consequently, by connecting an arm and multifingered 
hand, a redundant macro-micro manipulator is constructed. In Chapter 5, a motion control 
scheme of such redundant macro-micro manipulators is proposed, based on the impedance 
control. In Chapter 6, a control scheme of arm-hand systems for the secure gmsping and 
cooperative manipulation is proposed. 
The results of this study surely contribute to advanced manipulation technologies, and 
help to realize dexterous manipulation, appears in the cooperative motions by t.he human 
arm and hand. 
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1.1 Grasping and lVIanipulation 
Grasping and manipulation are two of the most important topics in the robotics field, 
which are very closely related to each other. Grasping by robot hands comes first to 
manipulate an object by robotic mechanisms. The robot hands can be classified into two 
groups by considering whether they have the ability of manipulation or not. That is, the 
robot hands with this ability are called multifingered hand, discussed in this thesis, and 
the others are called as gripper. In case of the multifingered hands, a desired manipulation 
of the object becomes important. Especially, if the multifingered hand is attached to a 
robot arm, manipulations can be executed by both the hand and arm. This means such 
mechanisms have redundancy, and they are called arm-hand system in this thesis. 
Multifingered hands generally have several articulated fingers. The number of fingers of 
each hand is not always five different from a human hand. Human hands are good examples 
of multifingered hands, but their a.bility of manipulation are too advanced to be realized 
by robotic multifingered hands. JHuman hands can manipulate an object arbitrarily by 
dexterous cooperative motions of the fingers, and this is the interesting point of the research 
on robot hands. 
The redundancy of the ann-hand systems in the manipulation as mentioned above is 
important. In the case of mankind, highly advanced cooperative motions of arms and 
hands with this sort of redundancy are often observed in daily life and in sports. When 
we write a letter with a pen, a rough motion of our arm and a fine motion of the hand are 
combined dexterously. Indeed the motion of the pen is a combination of the motions of 
the arm and hand, in which the fine motion of the hand modifies the rough motion of the 
pen produced by the arm. This sort of the cooperative motion of the arm and hand is a 
good model of the advanced manipulation by the robotic arm-hand systems. 
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1.2 Background of Multifingered Hands 
1.2.1 History of Multifingered Hands 
The study on multifingered hands began in 1960s for the automation of material handling. 
Y<unashita[61] developed a three-fingered hand driven by pneumatic actuators in 1964, in 
which each finger of the hand has three DOF {Degrees Of Freedom), and it could manipulate 
an object by the sequt•nti<~J coni rol. 
Since the later half of the 1970s, many papers have been published on the multifingered 
hands. In 1977, Hanafusa and Asada[12] discussed the stable grasping by using the poten-
tial energy of the grasping system. Regarding the research on the mechanisms, in 1979, 
Okada[40] developed a three-fingered hand and realized a manipulation of a stick and a 
bowl, paying attention to its kinematics. In 1985, Kobayashi[27], [28] developed a three-
fingered hand whose fingers have four DOF. Jacobsen[l7) developed a four-fingered hand 
considering the structure of human hands. 
Regarding the research on kinematics, Salisbury[43] discussed the contact condition be-
tween fingers and an object, and discussed the concept of mobility in 1982. Kobayashi[27], 
[28) discussed a kinematical necessary and sufficient condition for manipulation by intro-
ducing the virtual joints at the contact points. Yoshikawa[5G] discussed the optimal posture 
by using the concept of the manipulability in 1985. 
Analytical researches have been published since the latter half of the 1980s. Cutkosky 
and Wright[7] discussed the contact where the fingertips have elasticity. Kerr and Rot h[22] 
discussed the grasping configurations where the grasped object is underconstrained or over-
constrained. Abel et al.[1) and Trinkle et al.[50] discussed the grasping and manipulation 
by two-fingered hands in planar motion. Cai[5] discussed a path planning as the problem 
of linear programing. 
Recently, l\Iontana[33J. Cole, Hauser, and Sastry[6], Li and Canny[31] discussed the 
rolling contact between fingers and an object. Cutkosky[8] analyzed the motion by human 
hand, and discussed an expert system for the manipulation by the robotic hand. Starr[47J 
discussed an implementation of stiffness control of grasped object by a three-fingered hand. 
Bicchi[3J presented a control algorithm for the power grasping that minimizes the risk of 
slippage. 
Of course, many papers have been published on grasping and manipulation, described 
in the following subsection. 
1.2.2 Stability in G rasping a n d Manipula tion 
So far the grasping and manipulation have been discussed with a keyword stability. 
However, there are two meanings of stability: stability of motion and stability of contact. 
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Stability of motion means the ability to return a grasped object to its statically equilibrium 
position when its position is changed, and this is a topic of manipulation. On the other 
hand, stability of contact means the ability to maintain the contact against any disturbance 
of external forces on the object, and this is a topic of grasping. 
Among the researches of manipulation, the research by llanafusa and Asada[l2J, as 
mentioned above, was the initial study of this topic. Fcaring[ll]. Cutkosky and Kao[9] dis-
cussed a resultant compliance on the object produced by a compliance of each finger. Li and 
Sastry[29] discussed the static stability by considering the manipulation task. Nguyen[38], 
[39] discussed this topic as the force closure. It is, however, noted that these researches are 
mainly on the static stability of the grasped object. Hecently, several control algorithms 
have been proposed[49], [30], [59], considering the dynamics of the fingers and the object. 
Li et al.[30] consider the dynamics of the system, and propose the control algorithm which 
includes both the position control of the object and internal force control. This controller 
is based on the dynamic coordinati[ve manipulation[35]. 
On the other hands, the grasping problem has been discussed as the problem of deter-
mining internal forces. It has been well known that the internal force is an important factor 
in the analysis and synthesis of fingertip forces for grasping and manipulation. Ifanafusa 
et al.[14] discussed the magnitude of grasping force. J\lason and Salisbu•y[32] gave the con-
ditions for complete restraint of the grasped object in terms of internal forces. Kerr and 
Roth[21] proposed the method of determining the optimal internal force with the minimum 
norm under an approximated frictional constraint. Kumar and \Yaldron[25], [26] have a 
computationally efficient suboptimal solution to this problem. Ji and Roth[l8] proposed a 
method of determining the fingertip forces of three-fingered hands by finding the internal 
forces that minimize the maximum angles between the contact normals and the internal 
fo rce components. 
1.2.3 Grasping a nd M an ipula ting Forces 
Most of the efforts in the above mentioned research involve the decomposition of each 
fingertip fo rce into two components by using the pseudoinverse of a coefficient matrix 
that relates the resultant forces exerted on the object to the fingertip forces. One of the 
components is given by premultiplying the pseudoinverse of the coefficient matrix to the 
resultant force. This component is characterized as that having the minimum norm among 
those producing the specified resull'ant force. The other component, which is given by a 
vector belonging to the null space of the coefficient matrix, is an internal force. 
In spite of their mathematical simplicity and clear meaning in terms of vector norm, 
this may not be adequate from a physical point of view as will be shown in the next 
chapter. In this paper, a grasping Jforce is considered as a component of a fingertip force 
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that contributes to the secure grasping, which is independent of a manipulating force that 
produces the required force for the manipulation. 
1.3 Background of A-rm-Hand Systems 
1.3.1 Problems of Arm-Hand Systems 
Since the both of the arm and multifingered hand in this thesis have the manipulation 
ability, a system that consists of the arm and the multifingered hand has a sort of redun-
dancy. llanafusa, Yoshikawa and Nakamura[13] utilize this redundancy for changing the 
arm posture to avoid obstacles. Tsuji, Takahashi and Ito[51L[52],[53], Yokoi, Maekawa and 
Tanie[55], Newman and Dohring[37J utilize the redundancy of the arm for the compliance 
control. 
However, there are two different points between ordinary redundant arms and arm-
hand systems. The first point is that grasping by multifingered hands must be considered 
simultaneously during manipulation. Therefore, a required control scheme should utilize 
the redundancy to maintain non-slip grasping. The second point is that multifingered 
hands are suitable to compliant motion because of their small inertia compared to that. 
of arms) but, the motion range of the multifingered hands are small compared to that of 
the arms. These points means that arm-hand systems have a same feature as redundant 
macro-micro manipulators, described in the following subsection. 
1.3.2 R edundant Macro-Micro Manipulators 
The merits of using a micro manipulator were discussed mentioned in several papers. 
Khatib[23] pointed out that by attaching a micro manipulator to a macro manipulator 
the inertia of the endpoint is generally reduced. Sharon, Hogan and Hardt[46] reported 
that the performance of the position and force controllers is improved by using a micro 
manipulator. Yoshikawa) Hosoda and Doi[60] utilize a micro manipulator to improve the 
tracking ability of flexible manipulators. For compensation of small motion rano·e of the 
0 
micro manipulator, Kawase et al.[20) proposed to utilize a big motion range of the arm. 
However, above researches do not mention the behavior when an external force is applied 
at the endpoint of the manipulator. 
1 .4 The Goal of this Study and the Composition of 
this Thesis 
The goal of this study is to develop a control algorithm of multifingered hands and 
arm-hand systems for the secure grasping and arbitrary manipulation. 
.s 
This thesis consists of two parts. In the first part of Chapters 2 through 4, discussions 
are made on analysis and control of multifingered hands. In the second part of Chapters 5 
and 6, control schemes of macro-micro manipulators and arm-hand mechanisms are dealt 
with. 
In Chapter 2, the grasping and manipulating forces for multifingered robot hands are 
newly defined. A short discussion of the grasping and manipulating forces for two-fingered 
hands with linear motion is first given to explain the motivation more clearly and to provide 
the basic idea of the new definition. Then, based on an analysis of the internal force, the 
grasping force for three-fingered hands is defined as an internal force that satisfies the 
static friction constraint . The concept of grasp mode is also introduced. Subsequently, 
the manipulating force is defined a:s a fingertip force that satisfies the foJlo,ving three 
conditions: 1) It produces the spe·cified resultant force. 2) It is not in the in\'erse direction 
of the grasping force. 3) It is orthogonal to the grasping force component. An algorithm 
is presented for decomposing a giiven fingertip force into the manipulating and grasping 
forces. Discussions are made on the extensions of the obtained results to the case of two-
fingered hands with planar motion and to that of four-fingered hands. Finally, a simple 
example of synthesizing fingertip forces for a given manipulation task is given to illustrate 
the usefulness of the proposed definition. 
In Chapter 3, a dynamic manipulation/ grasping controller of multi fingered robot hands 
is proposed, based on the dynamic control and hybrid position/force control. Using a 
concept of the manipulating and grasping forces proposed in Chapter 2, this controller 
consists of a compensator which linearizes the whole grasping system and a servo controller 
for the linearized system. The distinctive features of the proposed controller are: 1) It uses 
the grasp parameters, which have the same number of elements as that of the essential 
dimension of the internal force) as the controlled variables for the grasping control. 2) It 
decomposes the total force required grasping of the object into the manipulating force which 
is a part of the fingertip force . First, the basic equations are formulated for the kinematical 
constraint among the fingers and the equations of motion of the fingers and the object. 
Second, the dynamic manipulation/grasping controller is proposed, whose validity is shown 
by simulation results. 
In Chapter 4, discussions are made on a new method of the adaptive grasping for mul-
tifingered hands with the constra-ints of static friction and the joint torques) under the 
repeated manipulation tasks. First, the dynamic manipulation/ grasping controller) pro-
posed in Chapter 3, are described for two-fingered hands. This cont roller makes it possible 
to give the desired grasp parameters which determining the grasping force, in spite of the 
desired trajectory of the object. Second, the scalar functions are defined to evaluate the 
manipulation and the grasping, amd the effects on these functions by the given grasp pa-
rameter are shown. Then) a new a•lgorithm of the adaptive grasping is proposed) based on 
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these functions. This algorithm realizes the desired manipulation without the fingertip slips 
by adjusting the grasp parameter to the given manipulation task. Finally, the effect iveness 
of the proposed method is shown by se\·eml experiments. 
In Chapter 5, an impedance control scheme of redundant macro-micro manipulators is 
proposed) which specifies not only the desired mechanical impedance of the end effector, 
but also that of the macro manipulator by considering the internal force applied to the 
tip of the macro manipulator. This control scheme can utili;,e both merits of the macro 
and micro manipulators. That is, by specifying a suitable set of the desired mechanical 
impedance. a compliant motion can be realized without any excessive joint torque of the 
macro manipulator, and a big motion range of the macro manipulator can be used effectively 
to compensate a. small motion range of the micro manipulator. The validity of the proposed 
control scheme is shown by several simulation results. 
In Chapter 6, a control scheme for grasping and manipulation by arm-hand systems is 
proposed. The ann-hand systems, consisting of arm and multifingered hand. have the same 
feature as that of redundant macro-micro manipulators concerning manipulation. That is: 
1) manipulations are possible by both the arms and hands, 2) the hands arc suitable for 
the compliant motions compared to the arms because of their small inertia, and the motion 
ranges of the arms are bigger than those of the hands. The control scheme can utilize both 
merits of the arms and hands. Simultaneously, it can realize the secure grasping during 
manipulations. Several simulation and experimental results illustrate the val idity of the 
proposed control scheme. 
In Chapter 7, concluding remarks and further research topics are described. 
Chapter 2 
Manipulating and Grasping Forces 
in Manipulati<)n by Multifingered 
Robot Hands 
2.1 Introduction 
This chapter discusses the question of whether we can define grasping and manipulating 
forces for multifingered hands in a reasonable way. 
It has been well recognized that internal force is an important factor in the analysis 
and synthesis of fingertip forces for grasping and manipulation. Mason and Salisbury [32] 
gave conditions for complete restraint of an object by a grasp in terms of internal force. 
Kerr and Roth [21] proposed to determine the optimal internal force as that with the 
minimum norm under an approximated frictional constraint. Kuma.r and Waldron [25] 
have a computationally efficient suboptimal solution to this problem. Ji and Roth [18] 
proposed a method of determining fingertip force of three-fingered hands by first finding 
the internal force that minimizes the maximum of the angles between the contact normals 
and the internal force components. Demmel and Lafferriere [10] proposed a different scheme 
for the same problem. Schwartz antd Sharir [45] defined the optimality as minimizing the 
coefficient of friction needed to atta.in a grasp in the presence of a given external force and 
torque, and gave a complexity analysis of the solution algorithm. 
Most of these research efforts involve the decomposition of the fingertip force into two 
components by using the pseudoinverse of a coefficient matrix that relates the resultant 
force exerted on the object to the fingertip force. One component is given by premultiplying 
the resultant force by the pseudoimverse of the coefficient matrix. This component is 
characterized as the one with the minimum norm among those producing the specified 
resultant force. The other component, which is given by a vector belonging to the null space 
of the coefficient matrix, is an internal force. Because of their mathematical simplicity and 
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clear meaning in terms of Yector norm, \\:e are tempted to define these two components 
as manipulating and grasping forces (see, e.g .. [271). HoweYer,this is not adequate from a 
physical point of view as will be shown in the next section . 
In this chapter, a new physically reasonable definition of manipulating force and grasping 
force is given for two-, three-, and four-fingered hands. First, for a simple case of two-
fingered hands with linear motion, the irrelevance of the pseudoinverse decomposition of 
fingertip force as the basis of defining grasping and manipulating forces is shown, and a new 
physically reasonable definition is proposed. Then for three-fingered hands a representation 
of the internal force is given. Based on this representation, the grasping force and the 
manipulating force are defined. An algorithm for decomposing a given fingertip force into 
manipulating and grasping forces is presented. It is shown that this defini tion can be 
extended to two-fingered hands with planar motion and four-fingered hands. Finally, the 
usefulness of the obtained analytical result is shown by an exam pie of synthesizing the 
fingertip force for a given manipulation task. 
Note that only fingertip grasps with point contact are treated, and the Coulomb model 
is used for friction in this paper. 
2.2 Two-Fingered Hand with Linear Motion 
To explain the motivation and the main idea of our study, we first consider the problem 
of decomposing a given fingert ip force into grasping and manipulating force components 
for a simple two-fingered hand as shown in Fig. 2.1. 
~/////-
'- I I I -I... ~ 
-
__.. 0 X ~ f, h 
Fig. 2.1. Two-fingered hand with linear motion. 
Assume that the two fingers have one degree of freedom and can move in the x direction. 
Let J, E R' (R11 is the set of all n-dimensional real vectors) denote the force applied by the 
i-th finger (i = l, 2) on the object along the x axis. We assume t hat both fingers can only 
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push, that is, J, 2: 0 and h ~ 0. The relation between the fingertip force F = [!1 hJT 
and the resultant force t E R1 exerted on the object is gn·en by 
t = ! 1 + h: AF {2.1) 
where A= [1 1]. 
When a resultant force t is given, fingertip force F that produces this t is given by the 
general solution of Eq. (2.1): 
(2.2) 
where A t is the pseudoinverse [4] of A , y E R2 is an arbitrary constant vector, and 
En E R" x11 ( R1' x1' is the set of all n x n real matrices) denotes the unity matrix. The 
right hand first term of Eq. (2.2) represents the fingertip force with the minimum norm 
among those that produce the resultant force t. The second term represents an internal 
force. Now assume that we are g;i\·en a fingertip force F first instead oft. Substituting 
Eq. (2.1) into Eq. (2.2) yields 
F ~= A 1AF + (E2 - A 1 A )F (2.3) 
This equation represents a decomposition of the fingertip force into two components. \Ve 
are tempted to define the manipU!lating force by the first term A 1 A F ~ [],.~ ],dT and 
the grasping force by the second term (E2 - A 1 A )F ~ []91 hdT, on the right-hand side 
of Eq. (2.3). However, t his is not adequate from a physical point of view as is shown in the 
following. 
Since A' = AT( AAT)- 1 = [1/2 1/2JT, we have 
[. ~"1 ] 
.fut2 [~] (2.4) 
[ ~1] = !g2 [ -~i> l {2.5) 
If we consider the case of fi ~ 0 and h = 0 which is schematically shown in Fig. 2.2(a), 
we have []91 ] 92JT = [fl/2 - fl/2JT, implying that the force component for grasping is 
not zero [see Fig. 2.2(b)J. However, since h = 0, the object will slip out of the two fingers 
by an application of any external force perpendicular to the x axis however small it may 
be. Therefore, according to our institution, the grasping force for this case should be zero. 
Note also that fm 2 given by Eq. (2.4) is negative, implying that the manipulating force for 
the second finger is a pulling force. Hence, []1111 J,,t2]T and [/,1 ] 92]T are not suitable for 
the defini tion of m ani pulating a nd grasping forces. 
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(a) Fingertip force {b) Decomposition by 
Eqs. (2.4) and (2.5) 
(c) Decomposition by 
Eqs. (2.6) and (2.7) 
Fig. 2.2. Decomposition of fingertip force. 
Based on this consideration, we now propose to define the manipulating force !j;" 1 .f:~~ 2 ] 
and the grasping force []91 ] 92JT by the following equations: 
[ /,1] fu,2 
[ /gll /g2 
[ -(1~ k)]ltl +hi 
[ ~1 ] min(I!II, lhl) 
(2.6) 
(2.7) 
where k is an auxiliary parameter that takes a value of 1 when / 1 + h ~ 0 and a value 
of 0 when h + h =:; 0. According to this definition, we always have fm 1 ~ 0, / 91 ~ 0. 
- - T T fm2 :5 0, and / 92 :5 0. Also, when h > 0 and h = 0, we have [!,1 /,2] = [h 0] and 
[!91 f92JT = [0 OJT [see Fig. 2.2(c)]. This result agrees with our intuitive picture of the 
grasping force. 
We will extend the definition of grasping and manipulating forces given by Eqs. {2.6) 
and (2.7) for two-fingered hands to the case of three-fingered hands in Sections 2.3 through 
2.5. 
2.3 A Representing of Internal Force for 
Three-Fingered Hands 
The basic relations of forces in manipulation of a rigid object by a th ree-fingered hand 
and a representation of the internal force will be given in this section under the following 
assumptions. 
Al) Each fingertip makes a frictional point contact with the object. 
A2) The three contact points are not located on a straight line. 
A3) The mechanism of each finger is such that each fingertip can exert a force to the 
object in any direction. 
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Assumption Al means that the interaction between each finger and the object can be 
modeled as a pure force through some point, which we call a contact point. Assumptions 
A2 and A3 are necessary for arbitrary manipulation of the object. 
Figure 2.3 shows a robot hand cLnd an object under consideration. In the figure, ~o(O 
xyz) is the object coordinate frame fixed to the object, C, is the contact point of the i-th 
finger (i = 1, 2, 3), r, = [ru r,11 r,=JT E R3 is the position Yector of C, from the origin of 
E0, and fiE R3 is the fingertip force applied to the object by the i-th finger. 
Fig. 2.3. Three-fingered hand and object. 
The resultant force f E R3 and! resultant moment n E R3 due to ( f ,, i = 1, 2, 3 ) are 
given by 
3 
f L f . (2.8) 
I 1 
3 
n = L(r, x f i). (2.9) 
•=1 
From Eqs. (2.8) and (2.9) we obtain the basic relation between the total fingertip force 
F ~If{ f i f j]T and the total resultant force T ~1fT nTJT: 
T= AF (2.10) 
where 
A 
{}. [ £3 E3 E3] E RG<!l 
-
R I R2 R 3 
(2.11) 
[ 0 
-r,:: r,, ] 
R 
{}. 0 -ru E R3x3 r,:: 
-r,!J Tu· 0 
(2.12) 
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The general solution F of Eq. (2.10) for a given T is written as 
(2.13) 
where y E R9 is an arbitrary constant vector. Although the second term, (E9 - A I A)y, in 
Eq. (2.13) represents the internal force among the fingers, this expression is not convenient 
due to the following fact. From assumption A2 the rank of A is 6 and rank(E9 - At A ) = 3. 
Hence, the number of independent unknown parameters of the internal force is three. 
Determining the internal force by vector y means determining a three-dimensional quantity 
by specifying a nine-dimensional quantity. In order to avoid this inconvenience, another 
expression of the internal force will now be given. Let 
6 r 1 - r, 
etj = llri- r,ll' i,j = 1,2,3, i =f:. j (2.14) 
where llrll denotes the Euclidian norm of vector r. The vector etj is the unit vector 
directing from Ci to Ci on the grasp plane Q including the three contact points, and 
e,1 = -eji (see Fig. 2.4). We have: 
Proposition 1: A total fingertip force F is an internal force if and only if there exists a 
vector z = [z23 z3 1 z12JT E R3 such that 
F=Gz 
where 
Grasp plane Q 
Fig. 2.4. Vectors eij. 
Cross section 
of the object 
by the grasp plane 
(2.15) 
(2.16) 
Proof: From Eqs. (2.11), (2.12), (2.14), and (2.16), we obtain AG = 0. Hence, Range( G) 
C Range(E'J- At A ) where Range(·) is the range space of a matrix. On the other hand, 
13 
from assumption A2 and the fact that rank(AG = 0 ) = 3, we have rank( G) = rank 
(E 9 - A fA ). Hence, we obtain Range (G) = Range(E9 - At A ), completing the proof. I 
The property of the internal force expressed by Eqs. (2.15) and (2.16) has been recognized 
by many researchers (e.g., [43], [21], [25],[18], and [44] ). For example, Salisbury and 
Craig [43] introduced the concept of grasp matrix, which includes G T as a submatrix. 
Expression (2.15) is presented here and proved rigorously because it plays a key role in the 
following development. 
A AT AT AT 
It can be easily shown that any internal force F = [f 1 f 2 f 3JT given by Eq. (2.15) 
has the following well known geometric characteristics (see, e.g., [44], [18J ). As shown in 
Fig. 2.5, the load lines of the three fingertip forces f i generally intersect at a point P on 
plane Q, and the three forces form a closed triangle (force triangle) due to the balance of 
force and moment. The three degrees of freedom of the internal force can be interpreted 
as the sum of the two degrees of freedom in the position of the point P on the plane Q, 
and one degree of freedom in the .scale of the force triangle. Therefore, there is one-to-one 
relation between choosing an internal force and determining both the position of P and the 
scale of the force triangle. The point P is called the focus of the internal force. Note that 
when the three load lines are parallel to each other, the point P does not exist. However, 
the argument developed in this pa,per is valid by regarding this situation as a limiting case 
where point P goes to infinity. 
(a) Internal force (b) Force triangle 
Fig. 2.5. Internal force and force triangle. 
2.4 Grasping Force for Three-Fingered Hands 
Based on the result in the previous section, the grasping force is defined and the concept 
of grasp mode is introduced for three-fingered hands in this section. 
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TIT.IT > j1 + J.i?, i = 1, 2, 3 (2.18) 
where a, is the inward unit normal vector of the object surface and p., is the static friction 
coefficient at the contact point C,. 
Condition 1 implies that F is an internal force. Condition 2 means that each fingertip 
force should satisfy the friction constraint. Due to this constraint, the location of point P 
on plane Q in Fig. 2.5 for grasping force F is also restricted. This restriction will now be 
analyzed and a condition for the existence of a grasping force will be derived for a given 
set of three contact points on an object. 
Let the position vector of focus P be r 1, and 
t::,. rP- r, 
eP, = 11 ' rP- r,ll i = 1,2,3. (2.19) 
The vector e1,, is the unit vector directing from contact point C, to focus P. In the case 
of Fig. 2.5, the fingertip force }, and the ev, are in the same direction. However, this does 
not necessarily hold for all cases. For example, in the case of Fig. 2.6, ] 2 and e112 , and ] 3 
and ep3 are in the opposite direction. Taking this point into consideration, the constraint 
of Eq. (2.18) can be shown to be equivalent to the following two relations: 
fi = sgn(e~ia;)llfille11; 
1 
I , i=1,2,3 
V 1 + 1-Lf 
In order to express the state of the internal force described by Eq. (2.15), let 
!:!,. 
a !a1, a2, a3] 
!:!,. 




where the subscript j( = i + 1, i + 2) is interpreted as (j - 3) when j ~ 4 for notational 
convenience, and sgn(a) denotes the sign of a, i.e., 
{
+1, ifa>O 
sgn(a) = ±1, if a= 0 
-1, if a< 0 
(2.23) 
Since sgn( Zi(•-t 1) ) tells whether the grasping force between fingers i and i + 1 is compression 
or tension, we can categorize the internal forces by a. A fingertip force that satisfies 
15 
Fig:. 2.6. Relation j. and c1,.. 
Eq. (2.15) will be called the internal force of mode a. For example, the internal force in 
Fig. 2.5 is of mode [+1,+1,+1] and that in Fig. 2.6 is of mode [-1,+1,+1]. \Vhen F 
is a grasping force, since this mode is useful for classifying it, a will be called the grasp 
mode. The variable a , and the variables, {3 and /, which will be introduced later in this 
section, will be denoted by the symbols+ and- hereafter. For example, [...:..1, +1, -1] will 
be expressed as [+, +, -]. Figure 2.7 shows the four essentially different grasp modes. For 
example, the grasp mode in Fig. 2.7(d) is the mode that appears when picking up a plate 
with a hole by inserting three fingers into the hole and opening them out. 
Collecting sgn( e~a,), i = 1, 2, ~~.which appeared in Eq. (2.20), we define the parameter, 
{3 by 
(2.24) 
This parameter {3 represents the Jrelation between the location of focus P and the shape of 
the object. We also define regions I through VII on plane Q and their code 1 = [11 , 12 , 13] 
(li = +1 or- 1) as shown in Fig. 2.8. Then for an internal force to be a grasping force, 
it is necessary for the parameters a, {3 , and 1 to satisfy one of the relationships listed 
in Table 2.1. This can be easily shown by considering the requirements that any internal 
force should have a focus P (inclUiding one at infinity) and that each fingertip force should 
be in the object's pushing direction. These relationships can further be condensed to the 
following conditions: 
{3 1 or -1 
(11 . /2 . /3){3 
(2.25) 
(2.26) 
Note that Eq. (2.25) is a condition on the relation between the location of P and the shape 
of the object with respect to P, a.nd Eq. (2.26) tells the grasp mode realizable under the 
given location of P and the shape of the object. Relation (2.26) is schematically shown in 
Fig. 2.9. In the figure, the relation a = {3 should hold if P is in one of the shaded regions 
16 
c1 
(a) a= [ + + + J (b) a= [ + + - J 
(c) a= [ + - - 1 (d) a= [ - - - 1 
Fig. 2.7. Four grasp modes. 
and a = - f3 in other regions. Note 'also that, due to the introduction of the code of reo"ion 
0 I 









[+ + -) 
t /1 = + 
Fig. 2.8. Seven regions on the Plane Q and their codes. 
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Table 2.1. Relation among a, /3, and J. 
Region 1 ( Code of Region ) /3 ( Shape of Object ) a ( Grasp Mode ) 
[+ + +] [+ + +I [+ + +I I [- -I [- -J 
I! [+ -] [+ - J [+ -] [ - + +) [- + +J 
[- + +] [- + +) [+ - J III [+ - ) [- + +) 
[- -] [- + - ) [- + -J IV + [+ +] [+ +] 
[+ +] [+ +] [ - + -) V [- + -) [+ +] 
VI [- + ll [- +] [ - +] [+ -] [+ + + -] 
[+ + -] [- +] 
VII [+ + -]1 [ - +] [+ + -] 
a = -{3 
Fig. 2.9. Relation (2.26). 
Summarizing the above argument, we have: 
Proposition 2: Suppose that the grasping positions ri, the inward normal directions ai, 
and the static friction coefficients P,i are given. Then a grasping force can exist if there is 
a focus P satisfying the following two conditions: 
Condition 1: ai, epi, and f.li satisfy the constraint of Eq. (2.21). 
Condition 2: {3 and 1 satisfy the condition of Eq. (2.25). 
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By these two conditions, we can obtain the locations of realizable focus P and the 
realizable grasp modes from the shape of the object, the grasping position, and the friction 
coefficient of the surface. Note that there arc cases where only one grasp mode is possible, 
where two or more modes are possible, and where no grasping force exists. 
Some examples arc given in Fig. 2.10. In the figure it is assumed that the object is a 
cylinder with its axis perpendicular to plane Q, so that vectors a, are in plane Q. It is also 
assumed that J.l.i = 0 4 Figure 2.10{a) and (b) shows the cases where there are only one 
mode a= 1+++1 and a=[-++], respectively. These modes are obtained by checking the 
conditions for Proposition 2 and using Eq. (2.26). In the case of Fig. 2.10(b), for example, 
by condition 1 of Proposition 2 the focus P can only exist in the shaded area in Region I I 
( 1 = I+--]), and from Eq. (2.24) we have, {3 = 1- + +]. Hence, condition 2 of Proposition 
2 is satisfied and the grasp mode is a= 1- ++I from Eq. (2.26). Figure 2.10(c) shows 
the case where two modes a = [+ + +] and a = 1- ++I are realizable. Figure 2.10(d) 
shows the case where no grasping force exists. Note that, in the case of Fig. 2.10(d), by 
condition 1 of Proposition 2 the focus P can only exist in the shaded area in Region I I I 
( 1 = 1- + +]) and from Eq. (2.24) we have {3 = I++ +] for any P in the shaded area, 
implying that condition 2 does not hold. When there is more than one realizable mode, 
some additional consideration for selecting one mode will be necessary. T his would be a 
topic for further study. 
Once mode a:(i.e., the signs of z,,) is determined using Eq. (2.15) for the internal force, 





i = 1, 2, 3 



















in Region I I I 
) a=[+++] 
--ex=(-++] 
in Region I I 
(c) a:= [ + + + ] and a:= [ ·- + + ] 
in Region 11 and Ill are realizable. 
(d) There is no realizable mode. 
Fig. 2.10. Example of realizable mode of grasping force. I I I 1: Location of P for realizable 
grasping force. 
The vector e,1 given by Eqs. (2.29) and (2.30) is the unit vector for the grasping force 
component at C, working between fingers i and j. Note that laking mode a into consider-
ation in defining e,i makes it possible to assume h9 , ~ 0. Also note that the condition of 
Eq. (2.21) must still be satisfied for the existence of the grasping force. 
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2.5 Manipulating Force for Three-Fingered Hands 
The manipulating force is defined for three-fingered hands, and its relation to the grasping 
force introduced in the previous section is discussed in this section. 
Defimtion 2: For a given resultant force T, the fingertip force F = [fJ f'J. fiJT is called 




{{et) 2::0, i=1,2,3,j=(i+l),(i+2) (2.33) 
Condition3: 
(2.34) 
Note that the e,1 's are defined by Eqs. (2.29) and {2.30), and so are dependent on mode 
a. Condition 1 means that F produces the resultant force T. Condition 2 implies that 
the manipulating force is not in the inverse direction of the grasping force. Condition 3 
means that F contains no force component that results in compression or tension along 
the line joining C1 and C2 , C2 and C3 , or C3 and C1 . In other words, F is orthogonal to 
the grasping force component. 







(1 - k3)e21 
0 
e,<•+l) x e,<i+2) 
lle·<•+l) x e.(i+z>ll 
e,<•+2> x eio 








and k1 , k2, and k3 are parameters that can take 1 or 0. The vectors €;1 given by Eqs. (2.36) 
rv (2.38) play the role of basis vectors for the manipulating force. 
Figure 2.11 shows the vectors e ;i and e,1 schematically for a typical case. Note that €;0 
is normal to the grasp plane Q and 
i = 1, 2, 3,j = (i + 1), (i + 2). (2.39) 
The matrix B m is a function of a and k = [k1 k2 k3JT E R3 . The parameter k1{1.:2, k3 ) 
determines which of the two vectors {e23,e32 }, ( { e31 , e13 } ), ( { e 12,e21 }) is included 
in the matrix Bm. With these preparations, we can give the following proposition. 
Fig. 2.11. Relation between e1i and e,i (e;0 : upward and normal to the plane Q). 
Proposition 3: A fingertip force F , which produces the resultant force T, is a manipu-
lating force of mode a if it satisfies 
(2.40) 
for some a, k , and h m ~ [hm1 hmz · · · h,,G]T with hm; 2:: 0, i = 1, 2, 3. 
Proof: Suppose a fingertip force F ~ [] J J'J Ji'JT satisfies T = AF and Eq. {2.40), i.e., 
f t {:, k3h,3e12 + (1 - kz)h,2e13 + hm-tew -
f z {:, kthmt €23 + (1 - k3)hm3€21 + h,,r,ezo 
} 3 {:, k2hmze31 + {1- ki)h,de32 + hmGe3o (2.41) = 
It is then enough to show that these }, sat isfy Eqs. {2.33) and {2.34). From Eqs. {2.36)"'{2.38) 
we have 
Therefore , from Eqs. (2.41), (2.42), (2.43), and (2.39) 
and 
- T-f 1 e12 
-T-f 1 e13 
k3hm3eT2e12 2:: 0 
(1- k2)hw3eJ3e13 2:: 0 







Hence, Eqs. (2.33) and (2.34) for i = 1 are satisfied. It can also be shown by similar 
arguments that Eqs. (2.33) and (2.34) for i = 2 and 3 are satisfied by F. 
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The manipulating force will be expressed by Fm ~ [!~11 !~2 f~,3j'r hereafter. From 
Proposition 3 a manipulating force F, of mode a, which produces the resultant force T , 
satisfies 
T = AFm = ABmh,. (2.4/) 
~ D. ~ ~ ~ T G 
Hence, to obtain Fm for a given T, we first calculate h, = [h,r~ hm'2 · · · h,G] E R from 
(2.48) 
for eight different combinations of k1 , k2 , and k3{kb k2, k3 = 1 or 0 ). We then select the 
one for which h,u ;::: 0 (i = 1, 2, 3) as the vector h 111 • Then Fm = B , h , with the above 
selected values h, and k [k1 k2 k3]T is the desired manipulating force. The value k which 
satisfies it1111 ;::: 0 {i = 1, 2, 3) is uniquely determined except for degenerate cases where at 
least one of the three h 1111 is zero. 
A relation between the manipulating and grasping forces is given by the following propo-
sition. 
Proposition 4: For any given manipulating force F 111 of mode a , 
for any grasping force F 9 of the same mode a. 
Proof: From Eqs. (2.27), (2.28), (2.31), (2.33), and (2.40) 
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IIFm + Fyll2 IIF7,112 + 2F '!,1F g + IIF,,W 
> IIF,W. 
Decomposition of Fingertip Force into 




A method for decomposing a given fingertip force into a manipulating force and a grasping 
force for three-fingered hands will be given. 
Suppose that r i, a i, J.L, (i= 1, 2, 3), and a fingertip force F are given, and that this F 
can be expressed as a sum of manipulating force F m and a araspina force F (7 for some b b ' 
mode a. Then 
F = F9 + Fm = BH {2.52) 
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where 
B b. [Bg B,] (2 .. 53) -
H ~ [hJ T]T h, (2.54) 
and B 9 and Bm are given by Eqs. (2.28) and {2.35). An algorithm for decomposition of 
F is as follows. 
1) Find the set of all realizable modes a from r ,, a" ~L, (i= 1,2,3). 
2) Pick up one realizable mode a from the set obtained in 1 ). Calculate ii ~ [h; h: ]T 
by 
(2.55) 
for the eight different values of k. 
3) Select k for which h9 i;::: 0 (i = 1, 2, 3) and it,,.;::: 0 (i = 1, 2, 3). Let ii for this k be 
H and calcu late F 9 = B 9h9 . Then, if this F 9 satisfies the friction constraint, the 
pair { F "' = B 111 hm, F 9 := B 9 h9 } is a decomposition of F. 
4) Repeat steps 2 and 3 until all the realizable modes are checked. 
Note that t he decomposition may not be unique because of the existence of multiple grasp 
modes. Also, there are cases where such decomposition does not ex ist. Note also that 
whenever a fingertip force F can be decomposed into F, and F ,1, IIF, II S IIFII from 
Proposition 4. 
A simple example of decomjposition will be given in the following. The object is a 
cylinder of radius 5 with its axis coinciding with the z axis of the object coordinate frame 
~0 . Suppose that the three contact points and the fingertip forces are given by 
T1 = [0 - 5 OjT 
r 2 = [5/3/2 5/2 0] 
T 3 = ~-~iv'3/2 5/2 0] 
f I = [1 8 OJT 
! 2=!-3 -2 o]T 
! 3=16 -2 o]T. 
Therefore, the plane Q is given by the x-y plane of ~0 , and 
a.1 [0 1 OJT 
a2 = [-v'3/2 - 1/2 o]T 
a3 I v'3/2 - 1/2 o]T. 
(2.56) 
{2.57) 
Also suppose that J.L, = 0.4, i = 1, 2, 3. Then it can be easily shown by using Proposition 2 
and Eq. (2 .22) that there is only one following manipulating and grasping forces of mode 
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[+ + + ]: 
j ml = [7 /4 4 - 3/3/4 OJT 
/,2 [o o o]T 
tm3 [9/4 3/3/4 oF 
t 91 = [-3/4 4 + 3../3/4 o]T 
f 92 = [-3 - 2 o]T 
f g3 = [15/4 - 2- 3../3/-1 O]T (2.58) 




Fig. 2.12. Example of decomposition of fingertip force into manipulating and grasping 
forces (the scale of forces is x 0.5). 
In the following section, it will be shown that similar discussions can also be presented 
for two other types of hands, i.e. , two-fingered hands with planar motion and four-fingered 
hands. 
2.7 Other Types of Hands 
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2.7.1 Two-Fingered E[ands with Planar Motion 
We consider a two-fingered hand grasping an object as shown in Fig. 2.13. Assume that 
each finger has two degrees of fneedom and can move its fingertip in a plane. Assume also 
the two fingertips make point contacts with friction with a grasped object. Hence, the 
hand can force the object to ma.ke a planar motion. Similar to the case of three-fingered 
hands, we consider an object coordinate frame B0 (0 - xy). Let f, = [h· j,!IJT E R2 
denote the force applied by the i-th finger (i = 1, 2) on the object in the x- y plane. and 
let r, = [rix riy]T E R2 denote the position of contact point C'., of the i-th finger. \\'e 
assume that no force works in the direction normal to the plane x- y. The resultant force 
f E R2 and the resultant momelllt nE R1 due to {h, h} are given by 
2 








Then the relation between the total fingertip force F = IJJ f~]T E R-t and the total 
resultant force T = lfx, jy, n]T E: R3 is expressed as 
T =AF (2.61) 
where 
(2.62) 
Fig. 2.13. Two-fingered hand with planar motion. 
By a similar argument to that in the preceding sections, we can show that the grasping 
force and the manipulating force are given as follows. Let e 12 E R2 denote the unit vector 
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directing from C1 to C2 and let e21 = -e12· Then the grasping force F!l = [f;1, t;2]T E R::! 
is given by 
(2.63) 
where h9 is an arbitrary scalar satisfying h9 2:: 0, and 
(2.64) 
Here, e12 = ae12 , and a is a scalar taking a value of+ 1 or -1. There are two grasp modes 
represented by a= +1 and a= -1, which are shown in Fig. 2.14. Note that the grasping 
force must also satisfy the friction constraint similar to Eq. (2.18) imposing a restriction on 
the shape of object and the location of contact points on the object. Let e12 = [e12n e 12y]T, 




F, = B1,hm 
[ ke12 ew 
_o l E Rtx3 (1- k)e21 0 e2o 
[ A A ]T 




and h,, = [hm1 hm2 h,tJ]T with hm1 2:: 0. Unit vectors e10 and e20 are also shown in 
Fig. 2.14. Using Eqs. (2.63) and (2.65) we can decompose a total fingert ip force into the 
grasping and manipulating forces as in Section 2.6. For example, consider the case shown 
in Fig. 2.15 where 
r 1 = [-2 O]T 
a1 = [1 OjT 
J.Ll = J.L2 = 0.6. 
Then the fingertip force given by 
is decomposed into 
r 2 = [2 OJT 
a 2 = [-1 OjT 
f g 1 = [1 0] T f g2 = [-1 0] T 
f ml = [0.5 - 0.7JT f w.2 = [0 0.5]T 







Fig. 2.14. Grasp mode of two-fingered hands with planar motion. 
Fig. 2.15. Example of decomposition of fingertip force into manipulating and grasping 
forces. 
Note t hat a similar argument can also be developed for two-fingered hands with lin-
ear motion treated in Section 2.2, and it can be shown that there are two grasp modes 
corresponding to those in Fig. 2.14. 
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2.7.2 Four-Fingered Hands 
We can define the grasping and manipulating forces also for four-fingered hands as shown 
in Fig. 2.16 Since the arguments are quite similar to those for three-fingered hands, we 
will just give the expressions of these forces corresponding to Eqs. (2.27) and {2.40). 
(a) Hand and an object (b) Unit vectors e,1 for grasping force 
and eii for manipulating force 
(e2i,e3i,e4i are not shown) 
Fig. 2.16. Four-fingered hands. 
Let eii E R3 denote the unit vector directing from t he i-th contact point C; to the j-th 
contact point cj, i, j = 1, 2, 3, 4; i "# j. Also let e.ij = Zj}€ij, where z,J E R 1 satisfies 
z,1 = z1 ., and a = [sgn(z23), sgn(z13), sgn(z12), sgn(z14), sgn(z24 ), sgn(z31 )] E R6 represents 
the grasp mode. Then the grasping force F 9 = [f'J1 f'J2 f'J3 t'J-~.JT E R 12 is given by 
(2 .71) 
where 
h y = [hyl'''hyGJT E R6 , hgi 2 O,i = 1,2,···,6 (2.72) 
0 e13 e12 e14 o o 
0 0 0 e34 




0 0 0 e41 e-12 e43 
Note that the essential degree of arbitrariness of the internal fo rce (or grasping force) 
is six in the present case because we are supposed to adjust t he six-dimensional resultant 
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force vector T by using the twelve-dimensional fingertip force vector F. In Eq. (2.73), the 
expression of the grasping force, this arbitrariness is represented by the six pairs {et)> e.)l 
} of unit force vectors along thE· six edges of the tetrahedron formed by the four contact 
points C, as shown in Fig. 2.16(b) by black arrows. On the other hand, the manipulating 
force is given by 
F"' =B,h, 
where 
h,. = [h,t ... h,.G]T E R6 , hflll 2 0, i = 1, 2, ... , 6 
0 (1 - k2)e13 k3e12 k-~.eH 
kl€23 0 (1- k3)e21 0 
(1 - k1)€32 k2€31 0 0 Bm 







( 1 - kG)€.13 
(2.76) 
and eii is the unit vector normal to the plane including the thrre contact points other 
than Ci and satisfies e~eii > 0. An example of the set €,1 is shown by white arrows in 
Fig. 2.16(b) fori= 1. Note that, for example, €14 is perpendicular to e 12 ,e23 and e 31 , which 
are unit vectors for grasping force components between C1 and C2, G'2 and C'3 , and C3 and 
C1. Hence, when the location of contact points C', (i = 1, 2, 3, 4), friction coefficients p, 
(i = 1, 2, 3,4), and the grasp mode a are given, the decomposition of a given fingertip force 
F into grasping force F 9 and manipulating force F 111 can be done by a procedure similar 
to that in Section 2.6. Note, however, that the concept of the focus of the internal force 
introduced for three-fingered hands cannot be directly extended to the case of four-fingered 
hands. Hence, there is no direct extension of Proposition 2 on the existence of grasping 
force. Obtaining conditions for the existence of a grasping force for four-fingered hands 
will be a topic for future research. 
For hands with more than four fingers, we have not succeeded in defining the grasping 
and manipulating forces. This will also be a topic for future research. 
2.8 Application to the Synthesis of Fingertip Force 
A simple application of the concepts of grasping and manipulating forces to the synthesis 
of fingertip force for a given task of manipulation will be presented in this section. 
Consider a two-fingered hand with planar motion and a cylindrical object with a radius 
of 0.05[m], a mass of lkg, and friction coefficient JL = 0.5 as shown in Fig. 2.17. Suppose 
that the given task is to carry the object following a circular trajectory. First we define 
the object frame Eo, its origin at the center of the cylinder. \Ve assume that the contact 
points are given by rl = [-0.0.5 o]T a.nd r 2 = [0.05 o]T. The desired trajectory of the 
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origin of Eo is assumed to be given by a. half circle with a radius of 0.05m starting from p0 
of the reference frame ER shown in Fig. 2.17, going through PI, P2, and p3, and reaching 
P-t· 
Object 
Fig. 2.17. Example of synthesis of fingertip force. 
The trajectory accelerates by 5m/s2 during the path (p0 , p 1), goes with constant speed 
during(p1, p3 ), and decelerates by -5m/s2 during (p3 , p4 ). The orientation of the object is 
assumed to be fixed. Then for the case of no gravitational effect, the time history f (t)(N) 
of the desired total resultant force to be applied to the origin of the object is given in 
Fig. 2.18. Noticing that the realizable grasp mode is given by a= +1 and using Eq. (2.66) 
with k = 1 for the path (po,p2 ) and k = -1 for the path (p2 ,p4 ), the manipulating force 
Fm(t) = [/~11 (t) f~2 (t)JT is given in Fig. 2.19. 
Now we consider the selection of the grasping force F 9 , the general form of F 9 in this 
case is Fg = [1 0 - 1 o]Thg from Eq. (2.63), the fingertip force F(t) = [f {(t) f i(t)JT 
for a fixed h 9 is given in Fig. 2.20. Therefore, if we select a grasping force satisfying 
h9 > 2.57r[N] ~ 7.9[N], then the given task can be achieved without slipping. If the object 
is under gravitational effect, Fm(t) is given as in Fig. 2.21, and h9 ~ (2.57r+g)[N] ~ 17.7[N] 
(g is the gravity constant) is necessary for achieving the task without slipping. Further, if 
some external disturbance force f e(t) such that ll f (.(t)ll < 2[N] is expected to work at the 
origin of Eo and should be ca.nceled out by the fingertip force, then the time history of f (t) 
may deviate within the shaded region shown in Fig. 2.22. Obtaining the cor responding 
region of the manipulating force shown in Fig. 2.23, we find that it is enough to select a. 
















Fig. 2.18. Trajectory of the total resultant force T = [ fr !!I 0 JT [~] for the object 
trajectory Po - p4 in Fig. 2.17. 
(a) fml ( t) (b) J,dt) 
Fig. 2.19. Trajectory of manipulating force F,(t) [N]. 
These simple selections of grasping force can usually be done off-line for each given 
task, reducing the necessary real-time computation for synthesizing the fingertip forces. 
If the given task is more complicated and just one selection of the grasping force is not 
appropriate, we can decompose the task into several sequential subtasks and determine a 
suitable grasping force for each subtask. 
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Fig. 2.20. Trajectory of fingertip force F(t) 
- - -: Frictional limit. 
fmly 
(1.2571" ~ 
+ O.Sg)...,.. PI+ 
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[ JI(t) h(t) ]T [N] for h9 7.9 [N). 
fm2y 
Pl-~p, 
/ 1 PH 
/ PI-
s 
-5 0 fm2:r 
(b) / 1112(t) 
Fig. 2.21. Trajectory fingertip force Fm(t) IN) under gravity in minus y direction. 
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Fig. 2.22. Region of possible tra.jectory of the total resultant force T = I !.r f
11 
0 ]T 
IN] for the object trajectory Po- p4 in Fig. 2.17 and external disturbance f(,(t) such that 
ll/e(t)jj < 2INJ. 
fmly fm2y 
0 fml:r 
(a) Region of fml(t) (b) Region of J,dt) 
Fig. 2.23. Trajectory of manipulating force F,(t) = I /,';. 1(t) JJ.2 (t) JTI J for the resultant 
force in Fig. 2.22. 
2.9 Conclusion 
The concepts of the manipulating force and grasping force, which have sometimes been 
used intuitively for describing some force components involved in manipulation of objects by 
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human hands, have been studied for multifingered robot hands. The main results obtained 
in this thesis are summarized as follows. 
1) The grasping and manipulating forces for two-fingered hands with linear motion have 
been discussed to explain the ~notivation and the main idea of this thesis. 
2) Three-fingered hands have been studied in detail. First, the grasping force has been 
defined as an internal force that satisfies the static friction constraint. The concept 
of grasp mode has been introduced. Then the manipulating force has been defined as 
a fingertip force satisfying the following three conditions: a) It produces the specified 
resultant force. b) It is not in the inverse direction of the grasping force. c) It is 
orthogonal to the grasping force component. An explicit expression of the manip-
ulating force has been given. An algorithm for decomposing a given fingertip force 
into manipulating and grasping forces has also been given. 
3) It has been shown that similar arguments can be developed for two-fingered hands 
with planar motion and four-fingered hands. 
4) To show the usefulness of the concepts of grasping and manipulating forces, a simple 
problem of synthesizing the fingertip force of a two-fingered hand with planar motion 
for a given task of manipulating a cylindrical object has been discussed. It has been 
shown that the grasping force can be determined off-line, implying that the load of 
real-time computation is reduced. 
These results will be useful for developing control algorithms for multifingered robot 
hands and cooperated manipulation of objects by multiple robots . In particular, the con-
cepts of grasping force and grasp mode would be helpful for securely grasping objects 
with various shapes. In applying these results to on-line control, however, we will have 
to pay attention to the rather large computational amount for calculating grasping and 
manipulating forces. 
Chapter 3 
Dynamic Martipulation / Grasping 
Control of Mt1ltifingered Robot 
Hands 
3.1 Introduction 
One important research topic in the field of multifingered hands involves the determi-
nation and control of the internal forces. Indeed in multiple manipulator and parallel 
manipulator systems also entai l the same problem. However, for multifingered hands it is 
necessary that the fingertip forces satisfy the static frictional constraint in order to have 
the non-slip grasping. 
For the determination of the internal forces, Kerr and Roth approximate the static fric-
tional constraint and the joint torque constraint by means of linearization, and determine 
the internal forces. Consequently the fingert ip force satisfies the linearized constraint [21]. 
Nakamura et al. formulate the determination problem of the internal force into quadratic 
programing, and obtain the internal forces which make the Euclid norm of the fingertip 
force the minimum value [34],[35] . However, the method is not suitable for real time control 
because it requires a great deal of time to solve the non-linear programing. 
On the other hand, several control algorithms have been proposed [49], [30], [59]. Li 
et al. consider the dynamics of the fingers and the object, and propose the control algo-
rithm which includes both the position control of the object and the internal force control 
[30]. This controller is based on the dynamic coordinative manipulation [35], and a main 
characteristic of this is to have a serve controller for the internal force control. However, 
it is not very clear how to choose the controlled variables. That is, the number of con-
trolled variables of the internal force control by Li's method is nine when considering a 
three-fingered hand with frictional point contact, and it is not identical to the number of 
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dimensions of internal force. On the other hand, it is have proven in Chapter 2 that the 
number of dimensions of the above case is three. Since the internal force among the fingers 
is the constraint force caused by the constant spans between the contact points, we t hink 
that the set of variables with the same number of elements as the dimensions of the internal 
force should be used for the force control, based on the hybrid position/force control [42], 
[57J. 
In this chapter, a dynamic manipulation/grasping controller of multifingered robot hands 
based on the dynamic control and the position/force hybrid control is proposed and dis-
cussed in this paper. This controller, using the manipulating and grasping forces introduced 
in Chapter 2, consists of a compensator which linearizes the whole grasping system and 
a serve controller for the linearized system. It makes the hand manipulate an object by 
means of position control and grasp it by means of force control. The distinctive features 
of the proposed controller are : 1) It uses a grasp parameter having the same number 
of elements as the internal force. 2) It decomposes the total force required to apply the 
grasped object into the manipulating force which is a part of fingertip force. 
In Section 2, the kinematical constraint among the fingers and the motion equations of 
the fingers and the object are presented as basic equations. In Section 3, the dynamic 
manipulation/grasping controller is proposed, and the position of the object and the grasp 
parameter are found to be the controlled variables for the manipulation and the grasping, 
respectively. Then, in Section 4 simulation results are shown to investigate the validity 
of the proposed controller. Finally, Section 5 considers the advantages of this controller 
over another type of controller method used for the load distribution problem of multiple 
manipulators. 
3.2 Basic Equations 
3.2.1 Kinematical Constraint 
Three-fingered hands with frictional point contacts are discussed in this chapter assuming 
the same conditions as in Chapter 2. A three-fingered hand and an object under consid-
eration are shown in Fig. 3.1. In the figure, ~b is the base coordinate frame fixed at an 
arbitrary position on the object. r 11 is the position vector of the origin of ~o from the origin 
of ~b· p , (i = 1, 2, 3) is the position vector of the contact point C, of the i-th finger from 
the origin of ~0 , and / , is the i-th fingertip force. 
Each fingertip has to follow the contact point on the object during manipulation for 
non-slip grasping. Consequently, the velocity of the object v = [r 'J w TJT and the velocity 
of the joint variable q = liJT q;f qj]T E R" consisting of that of the i-th finger q, E R"' 
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( n = n1 + n2 + n3) have the following kinematical constraint. 
(3.1) 
where, 
Fig. 3.1. Three-fingered hand and object. 
The velocity of the object can also be expressed by using a set of rotational \'elocities 
around three axes. Let this velocity vector be r = [r 'J 4> TJT E R6, then the relation between 
v and r can be expressed as follows. 
v= Wr (3.2) 
3.2.2 Motion Equation of Fingers and Object 




where, r = [r! r J riJT E R9 represents the joint torque vector and F = [f{ f i t ilT E 
R9 represents the fingertip force, M f represents the inertia matrix, and h f represents the 
centrifugal force, the Coriolis forces, and the gravity force. 




where T = [fT NT]T E R 6 represents the total force applied to the object by the fingers, 
M 
0 
represents the inertia matrix, h 0 represents the centrifugal force, the Coriolis forces , 
and gravity force. 
3.3 Manipulation and Grasping Control Using 
M a nipulating and Grasping Forces 
3 .3.1 Manipula ting a nd Grasping Forces 
The manipulating and grasping forces are defined as the components of the fingertip 
force in order to discuss the total force required for desired manipulation and the internal 
force for non-slip grasping as the fingertip force. 
T he grasping force F 9 = [f ;tf;2f;3JT E R9 is defined as the fingertip force that satisfies 
the following two conditions: 1) It produces no resultant force. 2) It satisfies the static 
friction constraint at the contact points. The manipulating force F m = [f~. tf~ 2f~.3]T E 
R9 is then defined as the fingertip force that satisfies t he following three conditions: 1) 
It produces the specified total force. 2) It is not in the inverse direction of the grasping 
force. 3) It is orthogonal to the grasping force component. The grasping force and the 
manipulating force can be expressed by the following equations. 
F - F 9 + F m (3.6) 
F g B 9 h 9 (3.7) 
h g [hgl hg2 hg3]T, hgi ~ O,i = 1,2,3 
Fm Bw h 111' B E R9 xG 711 (3 .8) 
h 111 [h,ll ... hm6]T, h,i ~ 0, i = 1, 2, 3 






a,+2e1(1+ll> i = 1, 2, 3 
P i+t - p , . 1 2 3 
IIPi+l- P,ll) 2 = ' ' 





a = [at, a2, a3j, ai = +1 or --1, is a set of parameters which should be determined 
according to the shape of the obj ect . ai = + 1 and ai = -1 mean that elements of the 
grasping force between c,+l and ci+2 are inward and outward , respectively, so we refer to 
this a as the grasp mode. In addition, we refer to h 9 as the g rasp parameter, because the 
grasping force is determined uniquely by Eq. (3.7) when a set of contact points a nd a grasp 
mode are given. Figure 3.2 shows ;:tn example of the grasping force when a= [+1, +1, +1] . 
C! 
Fig. 3 .2. Grasping force. 
To obtain the manipulating force F 111 for a given total force T, we first calculate h m 
which satisfies hmi ~ 0 ( i = 1, 2, 3) from 
(3.13) 
by using Eqs. (3.5) and (3 .8). Then we calculate Fm from 
(3.14) 
by substituting Eq. (3 .13) into Eq. (3.8). 
3.3.2 Dynamic Manipulation/Grasping Controller 
In this section, the dynamic manipu lation/ grasping controller is proposed. 
First, a linearization of t he system by means of state feedback is presented. The joint 
torque calculated by the following equations can linearize the fingers/object system ex-
p ressed in Section 2 . 
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l e l o +If 
(3.l5) 
JjF,t (3.16) l o = 
Frt F,r~ + F,1 .t 
( 3.17) 
Fmd B,,(JJ B,,)- 1T ,t 
(3.18) 
T.t = Mvvd + ho 
(3.19) 
Vrt = Wu1 + Wr 
(3.20) 
F 9 rt B 9u2 
(3.21) 
-
'I = Mtqrl + ht 
(3.22) 
t . . t (3.23) 
qtl - J / J 0 Vrt + J oV - J t iJ ) + (E, - J I J 1 )y 
where, u
1 
E R6 , u
2 
E R3 are the control inputs to the linearized system, and M
1 
represents 
the pseudo-inverse matrix of a matrix M. Then the system, which consists of the fingers 
and the object, can be linearized as follows. 
(3.24) 
(3.25) 
And the acceleration of the joint variables satisfies 
(3.26) 
Note that linearization is applied to the grasp parameter for grasping. This lineariza-
tion allows us to specify the desired manipulation as rr1 and the desired grasping as h9 t1 
independently. The proof of this linearization is described in Appendix A. 
Even if we use the compensator for the linearization, a serve compensator is required 
because of the modeling error in the real system. Here we use two degrees of freedom 
controller[48). This compensator expressed as the following equations is used to calculate 
the control inputs u 1 and u 2 for the linearized system. 
u l r r~ + l< pe + I<1 j edt + I<oe (3.27) 
e r d- r 
(3.28) 
u 2 - h grt2 + K F J (h gtl2- h q)dt (3.29) 
h gd2 = h 92- Tc h9,12 
(3.30) 
where r r1 represents the desired t rajectory of the object, h 911 represents the desired tra-
jectory of the grasp parameter, and Tc is the time constant in the first order lag for the 
desired response of the grasp parameter. The block diagram of the proposed controller is 
shown in Fig. 3.3 
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3.3.3 Consideration on the controlled variable for the grasping 
In this section, the controlled variable for grasping is discussed. 
In the case of a three-fingered with frictional point contact, the number of controlled 
variables of internal force control by Li's method is nine, and this is not the same as the 
number of dimensions of internal force. It is investigated the dimensions of the internal 
force and proved that number of the dimensions of the above case is three, described in 
Chapter 2. Since the internal force among the fingers is the constraint force caused by the 
constant spans between the contact points, we think that the set of variables with the same 
number of elements as the dimensions of internal force should be used for the force control, 
based on the hybrid position/force control [42], [57]. 
The grasp parameter has the same number of elements as the dimension of the internal 
force, and it corresponds to the grasping force uniquely with a clear relation to the direction 
of the grasping force. Therefore this parameter representation makes it easy for fingertip 
force to satisfy the constraint of static friction. So, it is sui table to use the grasp parameter 
for grasping control, and the proposed controller seems to be an improved one compared 
to the control method of Li et al. 
3.4 Simulation 
Figure 3.4 shows the three-fingered hand used in the simulation to investigate the validity 
of the controller proposed in Section 3. Table 3.1 shows the length f;J, the mass m 1;J, and 
the principal moment of the inertia around the center of gravity I1,,k(k = 1, 2, 3) of the j-th 
link of the i-th finger. The object shown in Table 3.2 represents a cylinder with a diameter of 
0.1 [m], a height of 0.1 [m], a mass of m 0 and a principal moment of inertia of Iok ( k = 1, 2, 3). 
Three contact points are located as p1 = [0.05 0 - 0.025]T, p2 = [0 0.05 - 0.025jT[m], 
p3 = [0 - 0.05 - 0.025]T[m], where p , is described on Eo and the origin of Eo is located 
in the center of the object and the initial roll-pitch-yaw of E 0 , <Pis [0 0 180]T[deg]. In this 
simulation, a= [+1, +1, +1]. 
Table 3.1. Parameters of finger. 
J e,, [m] m 1,1 [kg] J1,i~<( x 10-4 [kg · m2]) 
1 0 2.00 X 10-1 0.13 0.13 0.13 
2 9.00 X 10-1 2.00 X 10-1 0.13 5.47 5.47 
3 7.50 X 10-1 2.00 X 10-l 0.13 3.82 3.82 
Table 3.2. Parameters of object. 
~0 [kg] I 10~<( X 10-4 [kg · m2]) I 
I§ X 10 1 2.92 2.92 2.92 
i2 
Fig. 3.4. Three-fingered hand for simulation. 
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The desired trajectory of the rnanipulation is given as the position of the object on the 
circle with radius 0.05[ m]; the 01rientation of the trajectory is constant. During the first 
one second of the simulation, th•e object is assumed to be supported with a table at the 
initial position and orientation. Sampling time is 1[ms] and the step-size of the numerical 
integration is 0.1[ms]. T he position of the object r is calculated by using q in the following 
equations: 
r = r o+ jrdt (3.31) 
r = w -1v {3.32) 
V 
- J~Jfq (3.33) 
J t 
0 -
(JT J )- 1 JT 
0 0 0 
The gains and the time constant in the servo compensator expressed by Eqs. {3.27) 
"" (3.30) are as follows: K p = diag.( 4000, · · ·, 4000), J( 1 = diag.(8000, ... , 8000), 















Figure 3.5 shows the posture olf the hand when t = 2.0 "' 2.5[s]. Figures 3.6 and 3. 7 
show the position and orientation responses by the solid line and the error by the dotted 
line, and Fig. 3.8 shows the reference and the response of the grasp parameter. In the 
simulation, the nominal values of the parameters of the fingers and the object dynamics 
are assumed to be in error, and all the nominal values of the mass and the inertia are 80 
percent of the real ones. Figures 3. 6 and 3. 7 show that the maximum translational error of 
the position is about 5 x 10- 4 [m], and the maximum rotational error is 5 x 10-2 degrees, 
so the desired manipulation is carried out. On the other hand , Figure 3.8 shows that the 
object is grasped with the desired gr~sping force during the manipulation. 
0.06 0.003 
0.().1 0.002 'E 
I 0.02 0.001 ~ 
" 







0 5 6 
0.06 0.003 
0.04 0.002 'E 







0 2 3 4 5 6 
t [s] 
0.575 0.003 
0.555 0.002 'E 
I 0.535 0.001 
" 







0 2 3 4 5 6 
t [s J 
Fig. 3.6. Simulation results of manipulation (position). 
Figure 3.9 shows the angle Bi between the i-th fingertip force and the inward normal 
vector at Ci· In the figure, the dlotted line means the maximum value of f.Li when the 
coefficient of the static friction at C1: is 1.0, so manipulation without slipping is accomplished 
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in this case. The desired value of h91 is changed to 2.0[N] after three seconds, then we find 
it produces the margin of e .. 
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Fig. 3.9. Direction of fingertip force. 
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3.5 Discussion on ])irection of Fingertip Force 
In this section, the decomposition of the total force, which is required by the manipulation 
into the component of the fingertip force, is discussed. Then the validity of using the 
manipulating force is described. 
The relation between the total fo rce and the fingertip fo rce is expressed in Eq. (3.5), 
with T and F being six elements and nine elements, respectively. Therefore, the internal 
force exists, and the decomposition of a given total force into a fingertip force can not 
be determined uniquely. In the proposed controller, the total force is decomposed into 
the manipulating force F m by Eq. (3.18). This manipu lating force defined in Chapter 2 
satisfies the following equations, 
f~d!l' 2:: 0, i = 1, 2, 3 (3 .3-1) 
On the other hand, there exists another method to decompose a given total force, namely, 
using the pseudo inverse of JJ, solve Eq. (3.5) for F. Thus, 
(3.35) 
This decomposition method is used for the force distribution problem of multiple manipu-
lators handling one object[2] . In the case of multifingered hands, Pm can not be used as 
the fingertip force because the direction of f , is restricted by the constraint of the static 
friction. In order to make f ; satisfy that constraint, we can add the internal force F 1 as 
follows, 
F = F m + F 1 (3.36) 
Now, Fig. 3.10 shows F m and Pm, in a case of a two-fingered hand , are obtained for the 
same total force T. In this case, 
F,~~. = (3.37) 
Pill (3.38) 
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(a) proposed method 
(b) method by Eqs. (3 .35) and (3.36) 
Fig. 3.10. Comparison of fingert ip force. 
where a is the width of the object and T = !fx JY N]T, and F I = F 9 . The difference 
can be seen with respect to the x components. That is, the direction determined by C1 
and C2, and the angle 02 becomes larger than those of f 2 . This means that F I should 
be changed according to the total force T in the case of t he decomposition by Eq. (3.35 ). 
On the other hand, the manipulating force by Eq. (3.18) does not disturb the grasping, 
because it satisfies Eq. (3.34). 
Figure 3.11 shows the angle ()i when the decomposition by Eq. (3.35) is used in t he 
simulation. We can notice that the ()i in Fig. 3.11 is larger than that in Fig. 3.9, and t hat 
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Fig. 3.11. Direction of fingertip force in method by Eqs. (3.35) and (3.36). 
3.6 Conclusion 
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A dynamic manipulation/ grasping controller using the manipulating and grasping forces 
of multifingered hands has been discussed. The main results obtained in this chapter are 
summarized as follows. 
1) The basic configuration of the dynamic manipulation/ grasping controller for three-
fingered hands has been presoel!ted. The controller consists of a linearization of the 
system and a servo compensa.tor, and its remarkable characteristic is that the grasp 
parameter, which has the same number of elements as that of the essential dimensions 
of the internal force, is used as the controlled variable of the grasping. 
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2) The validity of the proposed controller is shown by simulation results, and the ma-
nipulating force is shown to be available to minimize the angle of the fingertip force. 
The manipulating and grasping forces can be defined not only for three-fingered hands but 
also for two-fingered or four-fingered hands, described in chapter 2, and the same controller 
can be constructed for those cases. 
Appendix A The proof of the Linearization 
By using Eqs. (3.1) ,....., {3.8), the whole dynamics of the system is derived as following 
equation: 
[ 
M t f jBm(J J Bm)-1 MoW J j B 9 ] [ ; l 
- J f J 0 W 0 hr, 
+ [ ht + Jj~m(J;B1~t 1 (MoWr + ho)l = [ '] 
- J , q + J oW r + J oW r 0 
{3.a) 
On the other hand, the control law described in Eqs. {3 .15) ,....., (3 .23) are summarized as 
following equation: 
[ M t J j B 111 ( J J B 111 t 
1 MoW J j B 9 ] [ ~(: l 
- J f J oW 0 
u 2 
+ [ h1 + J j ~111 ( JJ B1,)- 1 (~ o W r + ho) l 
- J , q + J oWr + J 0 Wr 
By substituting Eq. {3.b) into Eq. {3.a), we derive: 
Now let D be, 
Then, 
rank(D ) 
J } B m( J J B m)-1M 0 W 
J oW 







rank D ~ 
0 
ltV- 1 M - 1(JT B ) 
0 0 Ill. 
0 1,]) 
{3.d) 
Equation (3.d) means rank of D is .full rank. Then Eqs. {3.24) ,....., (3.26) are derived by 
using Eqs. {3.c) and (3.d). 
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Chapter 4 
Adaptive Grasping by Multifingered 
Hands 
4.1 Introduction 
There are two meanings of stability regarding grasping and manipulation described in 
Chapter 1. That is, stability of motion and stabiltty of contact. Stability of motion means 
the ability to return a grasped object to the static equilibrium position when some changes 
in the position occur. On the other hand, stability of contact means the ability to maintain 
contact against any disturbance of external forces on an object. 
Regarding research on stability of motion, that is on manipulation, Hanafusa and Asadal12] 
discussed it looking at the potential energy of ~he system. Fearinglll], Cutkosky and 
Kaol9], Kitagawa et a1.124], and K:aneko et al.l19], discussed the resultant compliance on 
an object produced by a compliance of each finger. This type of research was main ly on 
static stability of the grasped object. 
On the other hand, stability of contact, that is grasping, is discussed as a problem of 
internal force. It's well known that internal force is an important factor in the analysis and 
synthesis of fingertip forces for grasping and manipulation. Kerr and Rothl21] proposed 
to determine the optimal internal force as that with the minimum norm under an approx-
imated frictional constraint. Nakamural36] discussed the stability of contact by using the 
equivalent mass characteristics at the fingertips. The small grasping force is considered to 
be suitable as regards these types of research. However, there can be another concept in 
which a big grasping force is considered to be suitablel58]. 
Non-slip grasping is important for their multifingered hands to continue the required 
manipulation. It is not always desirable to grasp an object using big fingertip force, be-
cause the joint torque to produce fingertip force is limited for real multifingered hands. In 
such a case, to find a suitable gras:ping force is necessary for not only grasping but also 
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manipulation, since the joint torque is used not only for grasping but also for manipulation. 
In this chapter, adaptive grasping is discussed for two-fingered hands with constraints of 
static friction and joint torque, under repeated manipulation. In Section 4.2, the dynamics 
manipulation/grasping controller of two-fingered hands is described briefly. One of the 
special features of the controller is that a grasp parameter can be determined independently 
of manipulation as a desired valuable for grasping. In Section 4.3, scalar functions are 
defined for evaluation of grasping and manipulation, and the effects on them are discussed. 
Then, an algorithm for adaptive grasping which uses these functions is proposed. This 
algorithm realizes the desired manipulation without any slip of the fingertips, adjusting 
the grasp parameter to the repeated manipulation tasks. In Section 4.5, the effectiveness 
of the proposed algorithm is shown using several experiments. 
4.2 Grasping and Manipulation by Two-fingered 
Hands 
4.2.1 Basic Equations 
In this chapter, grasping and manipulation by two-fingered hands are deal with, where 
the assumptions are same as those in previous chapters. A two-fingered hand and an object 
are shown in Fig. 4.1. Where l:.a is the base coordinate frame, Eo the object coordinate 
frame, r 11 = [1·7>r rpy]T the position vector of the origin of 2:0 from the origin of l:.a, and 8 
the orientation of the object. Pi = [Pix Piy]T is the position vector of the contact point Ci 
of the i-th fingertip force. 
The kinematical constraint among the fingertips, as mentioned in the previous chapter, 
is represented by the following equation. 
( 4.1) 
where r = [r; B]T E R3 is the velocity of the object , q = lizT qJJT E R4 the velocity of 
the joint variable, J 0 is 
J _ [ Jol] J . _ [ E -p,!l ] 
o- J , m- 2 
~ ~r 
E 11 denotes the unity matrix, and J 1 represents the Jacobian matrix which has the Jacobian 
matrix of each finger as diagonal element. 
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Fig. 4.1. Two-fingered hand and object. 
The equation of motion of the two fingered hand can be expressed by the following 
equation. 
(4.2) 
where r = [r! r iJT E R4 repre:sents the joint torque vector, F = [f J f iJT E R4 
represents the fingertip force, M 1 the inertia matrix of the fingers , and h 1 the centrifugal 
force, Coriolis force and the gravity force. 
In this chapter, the maximum joint torque is assumed to be limited by the following 
equation. 
(4.3) 
where r,1 is the joint torque of the j-th joint of the i-th fin ger, and r,1111ax is the constant 
determined by the actuator and the r~duction system. 




where T = [fT NJT E R3 represents a total force applied to the object, M 0 the inertia 
matrix of the object, h 0 the centrifugal fore, the Coriolis force, and the gravity force. 
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4.3 Dynamic Manipulation/Grasping Controller of 
Two-fingered Hands 
In this section, the dynamic manipulation/grasping controller of two-fingered hands with 
planar motion is described briefly. 
The grasping force F 9 = [!;1 t;2JT E R4 and the manipulating force F, = [/~, 1 !~,2]T 
of two-fingered hands are expressed by the following equations. 
F F 9 + F,, 




hg > 0 






An example of the manipulating and grasping forces is shown in Fig. 4.2. h!, in Eq. ( 4.8) 
is called the grasp parameter and determines f 91 and f 92 . 
Fig. 4.2. Manipulating and grasping forces. 
In planar motion, the orientation of the object is expressed by the angle around the 
normal axis to the plane, so it is not necessary to use two types of variables for orientation 
like in Chapter 3. In this case, the joint torque which linearizes the system is calculated 
by the following equations. 
Tr T 0 + TJ ( 4.11 ) 
To fJFd (4 .12) 
Fd F md + F gd ( 4.13) 
Fmd B ,(JJ B,)- 1(M oul + h o) (4.14) 
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F 9d B 9 u2 {4.1.5) 
TJ M f q.L + h J (4.16) 
qd Jt (J ou l + j ,;r j JQ) {4.11) 
where u 1 E R3 and u2 E R 1 are the control inputs to the linearize system. Then, the 
system is linearized as follows. 
h9 1L2 
On the other hand, the servo compensator is just same as that in Chapter 3. 
u1 =rd+ ](pe+K 1 ./ edt + K 0 e 
e = rt~- r 
U2 = hgd2 + J( F .I ( hyd2 hy )dl 







where Ttf is the desired trajectory of the object, hqd the desired trajectory of the grasp 
parameter, and Tc the time constant in the first order Jag for the desired response of the 
grasp parameter. 
4.4 Adaptive Grasping 
4.4.1 Evaluation of Grasping and Manipulation 
In this section, scalar indexes fo:r evaluation of grasping and manipulation are defined 
and a method of adaptive grasping, which changes the grasping force according to a given 
task, is proposed. 
Firstly scalar indexes of manipulation and grasping are defined as follows. 
Index of Manipulation: 
Index of Grasping : 
B;max 
e,max -10,1 




where t 1 and t2 represent the starting and ending times of the evaluation. L shows the 
matrix to normahze the error, e, the angle between the fingertip force f . and an inward 
normal vector of the contact plane on the object, J.l, shows a maximum coefficient \·alue 
of static friction, Ouu.u the maximum value of e, dependent on p,. Index Jm means the 
tracking performance of manipulation and index J9 probability of non-slip grasping. e9 , in 
Eq. (4.25) is introduced to evaluate probability of non-slip grasping of i-th finger, shown 
in Fig. 4.3. Jm and J9 are defined as those having small values when manipulation and 
grasping are well carried out. 
-9 i ma.x -9 i ma.x/2 0 e i ma.x/2 e i ma.x 
e i [rad] 
Fig. 4.3. Value of e9i. 
Following paragraphs describes that J, and ]9 change according to not only control 
schemes and manipulation tasks but also grasping situation determined by the desired 
value of grasp parameter hgd· 
First, it is shown that ]9 is affected by h9,1 intuitively. When h9,1 is determined to have 
a small value, e, has a big value because the grasping force is small and the direction of 
the fingertip force is dominated by that of the manipulating force. Then, ]9 has a big 
value. In this case, if e, becomes Bimax, 19 becomes infinity. On the other hand, when h9t~ is 
determined to have a big value, Bi has a small value because the direction of the fingertip 
force is dominated by that of the grasping force. Then, ] 11 has a small value. 
Second, it is shown that J, is affected by hgd· The joint torque consists of TJ which 
is required for motion of the fingers, J j F md which is required for manipulation of the 
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object, and 1 JF9d which is required to produce the grasping force. Therefore, when 
T 1 + JjF,d + 1 JF9d exceeds the limited value because of a big h9.1. the joint torque 
which is required for motion of the fingers and the manipulation, r 1 + J~Fm,1 , can not be 
produced. That is, lm becomes to have a bigger value in comparison with the case when 
hgd and the grasping force are small. 
The grasping force in this paper is the internal force which always produces no resultant 
force. Consequently, any stiffness of the system will not be affected by the grasping force. 
Hanafusa et al. defined the internal force in another way, and discussed the changes of 
stiffness of the system by that intemal force[lS]. 
4.4.2 Determination of Grasping Force by Adaptive Grasping 
In this section, an algorithm of a.daptive grasping is proposed. 
For adaptive grasping, both ma.nipulation and grasping must be considered. Conse-
quently, scalar index J is defined as follows: 
J = wJm + Jg ( 4.26) 
where w > 0 is the weighting parameter. Considering the characteristics of], and ]9 , J 
becomes a big value when h9d is a small value and when h9 tl is a big value. Furthermore, 
J seems to have a minimum value when h9 d has a certain value, then a set of situations of 
grasping and manipulation becomes the best. 
The following procedure is a proposed algorithm for adaptive grasping, which determines 
the grasping force. In the algorithm, h9n(n) and J(n) mean the values of h51" and J in the 
n-th trial, respectively. 
Algorithm of adaptive grasping 
Step 1: Set w > 0, k < 0, £ > 0 
Step 2: Set realizable h9d(O) and manipulate an object with h9d = h9tL(0). Calcu-
late J by Eq. (4.26) and J(O) = J. 
Step 3: Set realizable h9d(l)(=rf h9d(O)). 
set trial number n as n == 1. 
Step 4: Manipulate the object with h9d = h9d(n). 
calculate J and J(n) = J. 
Step 5: Calculate the change of J, 6J(n), by means of the following equation. 
L':lJ(n) = J(n)- J(n- 1) 
If 6J(n) ::; £, go to Step 8. 
If 6J(n) > £, go to Step 6. 
(4.27) 
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Step 6: Calculate h9d(n + 1) by means of the following equation. 
h9cL(n + 1) 
D.h9d(n) 
Step 7: n +-- n + 1. Go to Step 4. 
Step 8: End. 
( 4.28) 
( 4.29) 
This algorithm is expected to minimize J with a suitable h9t~, that is to improve grasping 
and manipulation. £introduced in Step 5 is dependent on the scattering of J caused by the 
noise of detected data like the fingertip force. This £, which is set to have a small positive 
value, determines the terminal condition. 
4.5 Experiment 
In this section, experimental results illustrate the validity of the proposed algorithm. 
The two-fingered hand and the object used in the experiment are shown in Fig. 4.4 and 
Fig. 4.5. Table 4.1 shows length eik, mass mik, and the principal moment of the inertia 
around the centers of gravity Iik of the k-th link of the i-th finger, where the center of 
gravity are assumed to be center of each link. A DC servo motor with a power of 50[W] is 
used as the actuator for each joint, and the reduction ratio is 1/5. The span between the 
first joint of two fingers is 0.30[m]. E8 is located as the origin of it is at the middle of the 
first joints of the fingers, and as the directions of the axes are shown in the figure. 
Table 4.1. Parameters of the finger. 
k eii.:[m] mii.:[kg] !;~.:[kg· m 2] 
1 0.30 0.40 0.49 X 10-3 
2 0.15 0.26 3.00 X 10-3 
3 0.30 0.40 3.00 X 10-3 




Fig. 4.4. Two-fingered hand and object. 
Fig. 4. ~). Experimental setup. 
The object is rectangular with a width of 0.17[m], and a length of 0.25[m]. Table 4.2 
shows mass m 0 and the principal moment of the inertia around the center on gravity [0 of 
the object. Two contact points are located at the center of both sides. 
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Table 4.2. Parameters of the object. 
mo[kg] Io[kg · m2] 
0.35 2.67 X 10-J 
As a preparation of the experiments, the characteristics of friction, which are required 
in the linearization of the system, are identified based on the method of identification[41]. 
Table 4.3 shows the motion friction forces of the joint torque along the plus and the minus 
direction, r;t;i and r,;,,1 , and the viscous frictional coefficient, Vtr 
Table 4.3. Parameters of friction. 
ij r,t,i[Nm] r,~,1 [Nm] VtJ [Nm/(rad/s)] 
11 0.169 -0.120 0.102 
12 0.178 -0.251 0.065 
21 0.205 -0.157 0.113 
22 0.196 -0.146 0.081 
The desired trajectory of the manipulation is given as the position of the object on the 
circle with a radius of 0.05[m], and as the orientation constant, e = 0. During the first 1[s] 
of the experiment, the object is assumed to be supported by a table at the initial position 
and orientation, because it is necessary to realize a secure grasp before manipulation. The 
desired velocity is determined by Wma:n which is the maximum frequency of the circular 
motion. 
A coefficient of static friction is treated as J.L, = 1/-/3, that means Buuax = 30[deg]. The 
limitation of the joint torque is assumed by t he following equation: 
Tij111ax = 2 [Nm] ( 4.30) 
Indeed this limitation appears as saturation of the driver amplifier, however, it is reasonable 
to treat this limitation as Eq. (4.3) so as to discuss its effect clearly. 
The gains and time constant in the servo compensator a re K p = diag.(lOO, 100, 100), 
K 1 = diag.(50, 50, 50), K D = diag.(8, 8, 8), and Tr. = 0.05[s]. Sampling time is 3.7[ms]. 
First, the relation of the value of the indexes and responses of manipulation and grasping a re 
investigated. Figures 4.6"' 4.9 show the results of manipulation and grasping, respectively, 
in the case of Wmax = l.O[IIz], where h9 d = 2.5[N] and h9 tl = 6.0[N]. In the case of 
h9 t1 = 2.5[N], these results show that a response of manipulation is better, but the response 
of grasping is worse. 1ote that the response of grasping should be evaluated not by hf, but 
by 8,. On the other hand, in the case of h9r~ = 6.0[N], these results show that a response of 
manipulation is worse, but a response of grasping is better. 
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Fig. 4.9. Experimental resu lts of grasping (h9d=6.0IN]). 
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The reasons why these trials are tested in the cases of h"" = 2.5[:-\] and hytl = 6.0[N] are 
as follows: In the case of h9d = 2.0[~]. slipping occurs during manipulation. Also, in the 
case that h9t~ has an exceedingly value, the manipulation can not be continued due to a big 
orientational error. 
Figure 4.10 shows the changes in joint torque. In the case of h,1,1 = 6.0[NJ, the required 
joint torque can not be obtained because of its limitation. 
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1 [sJ 
(a) h9d = 2.5[N] 
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Fig. 4.10. Experimental results of joint torques. 
Figure 4.11 shows the changes in the indexes }111 , J9 and J according to the changes in 
h9d, in the cases of W 11111:r = l.O[Hzj, 1.1[Hzj, and 1.2[Hz]. To change the value of W 111 a:r means 
to change the manipulation task. The parameters are as follows: t 1 = 1[sJ, t2 = 5[s], 
Tpz 3 = Tyy3 = 1, 8., = 0.085 COnsidering the Width Of the object and W = 200. 
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(c) J for manipulation and grasping 
Fig. 4.11. Scalar functions for manipulation and grasping. 
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6.5 
If Wmax becomes bigger, J generally becomes bigger as well. Especially, in the case 
of Wma:r = l.O[Hz] and 1.1[HzJ, J has the minimum value, that is there exist an optimal 
combination of grasping and manip1ulation. In the case of w,m" = 1.2[HzJ, the manipulation 
can not be continued where h9d ;:::: 4.5[NJ, and J does not have a minimum value. However, it 
seems possible that J has a minimum value with a suitable w. h9d, with the minimum value 
of J, has a smaller value when w,;1a:r = l.l[Hz] comparing with the case when W 111a:r = l.O[Hz]. 
This means that the effect of the limitation of the joint torque appears strong, because the 
required joint torque for the manipulation is bigger when ww,r is bigger. 
Second, the proposed algorithm is tested to investigate its validity, in the case of W 111 a.r = 
l.O[Hzj, where w = 200, k = -10, c = 0.002. Figure 4.12 shows the changes in J and h11d, 
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(b) Adaptation of h9 t1 
Fig. 4.12. Experimental results of adaptive grasping. 
The final values of J are J(5) = 0.0338 in Case I and J(6) = 0.0420 in Case II. The final 
values of h9d are h9ci(5) = 4.69[NJ in Case I and h9d(6) = 4.31[NJ in Case II. The reason 
why the two values of h9d are different seems to be due to the scattering of J. Indeed, in 
Fig. 4.11(c), J has a similar value near the m inimum one, that is the optimum one, with 
a. certain value of h9d between h9d = 4.0 and h9d = 5.5. 
Figures 4.13, Fig. 4.14 and 4.15 show the results of manipulation, grasping and the 
produced joint torques respectively. T he response of manipulation in Fig. 4.13 is better 
than that of Fig. 4. 7, and the response of grasping in Fig. 4.14 is better than that of Fig. 4.8, 
although the produced torque was not enough in Fig. 4.15. These results show the validity 
of the proposed algorithm. 
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Fig. 4.15. Experimental results of joint torques with suitable h9d . 
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4.6 Conclusion 
The major results obtained in this chapter are summarized as follows . 
1) An algorithm of adaptive grasping for two-fingered hands is proposed. This algorithm 
is valid for repeated manipulation tasks with the constraints of static friction of fingertip 
and joint torque. 
2) The validity of the proposed a.lgorithm is shown using experimental results. 
The proposed algorithm seems to be valid to change the grasping force suitable 
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Chapter 5 
Impedance Control of Redundant 
Macro-Micro J\1anipulators 
5.1 Introduction 
Macro-micro manipulator systems have been proposed to improve the capability of posi-
tion and force control[23J, [46), [60]. Khatib has pointed out that the inertia of the end point 
of manipulator can be decreased [23]. Sharon et al. have shown that the bandwidth of 
the position and force controllers can be expanded[46]. Yoshikawa et al. have proposed to 
use a rigid micro manipulator attached to a flexible manipulator in order to improve the 
tracking capability of the endpoint[60]. 
Macro-micro manipulators often have redundancy. To the problem of redundancy Hana-
fusa et al. have proposed a method of utilization of redundancy from the kinematical point 
of view[13]. Yokoi et al. have proposed to control not only the compliance of the endpoint 
but a lso the compliance of the joints according to the degrees of redundancy[55]. However, 
since these controllers are based on the kinematics and stiffness, the dynamic behavior of 
the manipulators has not been mentioned. Therefore they may not be effective for con-
trol of macro-micro manipulators when external forces are applied to the endpoint of the 
manipulator. 
In this chapter, an impedance control scheme of redundant macro-micro manipulators 
is proposed. By using this control scheme, we can specify not only the desired mechanical 
impedance of the end effector, but also that of the macro manipulator by considering the 
internal force applied at the tip of the macro manipulator. This control scheme can utilize 
both merits of the macro and micro manipulators. That is, by specifying a suitable set 
of the desired mechanical impedance, a compliant motion can be realized without any 
excessive joint torque of the macro manipulator, and a wide motion range of the macro 
manipulator can be used effectively to compensate a small motion range of the micro 
manipulator. In Section 5.2, basic equations are described. In Section 5.3, an impedance 
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controller for redundant macro-micro manipulators is proposed. In Section .5.4, a method 
for specification of stiffness of the macro manipulator for realizing the desired position of 
the micro manipulator is presented. In Section 5.5, simulation results are given to show 
the validity of the proposed controller. 
5.2 Basic Equations 
A redundant macro-micro manipulator discussed in this chapter is shown in Fig. 5.1. It 
is assumed to move in three dimensional space and both of the macro and micro manip-
ulators are assumed to have 6 degrees of freedom. In the figure, I:h, EM, and Em mean 
the base coordinate frame, the macro coordinate frame, and the micro coordinate frame, 
respectively. The origin of EM is located at the tip of the macro manipulator, and the origin 
of E111 is located at the end point of the manipulator. T a·t is the external force, and T M is 
the internal force applied a.t the tip of the macro manipulator by the micro manipulator. 
r E R6 is the velocity of the end point of the manipulator, and r M E R6 is the velocity of 
the macro manipulator. r is expressed by a. set of the translational and rotational velocity 
of Em, and r M is expressed by that of EM. To express three elements of the orientation, 





Fig. 5.1. Redundant macro-micro manipulator. 
However, the position and orientation are described independently at first, because the 
/I 
relation between r and r,\f should be clear. 
rp E R3 and r Mp E R3 are the position vectors of the origin of ~'" and ~~~ from the 
origin of Eb, respectively. For the micro manipulator, r"'l' E R3 is used as the position 
vector of the origin of I:111 from the origin of I:~t· r mp is expressed as Af7, ,,1, when r "'I' is 
described in EM. 
On the other hand, bA,. E R3 x 3 , bAM E R3x 3 , and .\JA "' E R3 <3 are the transformation 
matrices of the orientation. bA , and bAM express the orientation of E"' and ~~~ described 
in Eb, respectively. Superscript b on left side means Et., and may be neglected when it is 
obvious. MA ,. expresses the orienta.tion of E111 described in E;..,. 
The position of the endpoint calll be expressed by Eq. (5.1) and the orientation of it 
can be expressed by Eq. (5.2), when the position and orientation of the macro and micro 
manipulators are given: 
__ + b A A! 
rJl rMT' .M.Af r ,P 
b A b A MA 
.1"1," .1"1 ,\I[ Ill 
{5.1) 
(5.2) 
where the position and orientation of the micro manipulator are assumed to be given in 
EM at first. A set of three elements of the orientation can be derived by the transformation 
matrices of the orientation, and r , 1" M, and r"' E R6 with it are used when it is necessary. 
The velocity of the macro manipulator r M and the velocity of the micro manipulator 
rm E R6 in I:M can be expressed as follows: 
(5.3) 
(5.4) 
where qM E R6 and izm E R6 are the joint velocities of the macro and micro manipulators, 
respectively, and J M and MJ m are the Ja.cobian matrices. Then the velocity of the endpoint 
of manipulator can be expressed by, 





and E 3 means the three dimensional unit matrix. By substituting Eqs. {5.3) and (5.4) to 
Eq. ( 5.5 ), we can get the following equation, 
(5.8) 
where iJ = [ iJ I1 iJ ~. r is the joint velocity of the whole manipulator and 
J =[ Ju,.JM bRM MJ ,.] 
is the Jacobian matrix of it. 
The equation of motion of redundant macro-micro manipulator, to which an external 
force T ert is applied at the endpoint, can be expressed like the case of ordinary manipulator 
as follows, 
(5.9) 
where T = [ T If T ;:l r E R2" represents the joint torques, M q represents the inertia 
matrix, h 9 represents the non-linear term which includes the centrifugal, the Coriolis, and 
the gravity forces. 
5.3 Control Law 
The mechanical impedance is specified only for end point in the case of ordinary impedance 
control [16]. In the case of the proposed controller, the mechanical impedances are specified 
not only at the endpoint but also at the tip of the macro manipulator: 
M,.i r + D rtlTe + l (,.dre = T ert 
M MtlTM + D MdTMe + K MtfTMe = T M 
(5.10) 
(5.11) 
where Mrd , D rtl, and K rd are the desired matrices of inertia, coefficient of viscous friction , 
and stiffness of the end point; M Md, D Mtl> and K Mtl are the desired matrices of inertia, 
coefficient of viscous friction, and stiffness of the macro manipulator, respectively; T 1,(= 
r - r tl) and r Me(= r M- r Md) are position errors of the endpoint and macro manipulator; r (t, 
r Md( = rd- r md), and 7' mtl arc the desired position of the end point, the macro manipulator, 
and the micro manipulator, respectively. 
Note that the specification of the desired mechanical impedance of the end point is not for 
macro manipulator only but for the whole manipulator. Moreover, note that the internal 
force T M is used in specifying the desired mechanical impedance. By considering this T M, 
macro manipulator can be moved in order to compensate the small motion range of the 
micro manipulator. 
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Equations {5.10) and (5.11) can be combined as follows. 
{5.1:2) 
where Md, D d, and Kd are determined as follows. 
[ Mutl 0 l , 0 M ,d Dt~= [ D M.I 0 l 0 D,t~ 
I<d = [ 
K Md 0 l 
0 l(,.tl 
Based on the above preparation, we can derive the following control law, which makes 





J = [ J M 
JM,,JM b'R ~1J l M m 
5.4 Specification of Stiffness of Macro Manipulator 
In this section, how to specify the: stiffness of the macro manipulator is discussed, which 
makes the position and orientation of the micro manipulator converge toward their desired 
values, Mr mpd and M A md, when a constant external force is applied at the endpoint. 
As the preparation for this section , the desired value of J Mm, J Mrm/, is derived previously. 
The desired position and orientation of the endpoint, r P'1 and MA ,tl, are assumed to be 
given by the specified task. Then the desired position and orientation of macro manipulator, 
rMpd and bA Md, are determined by Eqs. (5.1) and (5.2) as fo llows, 
Then, J Mm becomes the following J Mmd, 





-pz,l Py.t l 
0 -Prd 
Prd 0 
Now, let 's consider the manipulator in a state of rest, 







When the micro manipulator converges to the desired position and orientation, the follow-
ing equations hold. 
T .\I 
where J Mmd is expressed by Eq. (5.16). 
J MmdrMe 
l irmdT e.r, 
(5.21) 
(5.22) 
Then, eliminating TM, Tu1, and r e from Eqs. (5.19),...., (5.22), we can get the following 
equation, 
1 '£.11/dTe,·t 
1 '£.mdK rtlre 
1 '£.mdK nt1 MmclrMt· (5.23) 
That is, the desired position and orientation can be realized by specify ing the stiffness of 
the macro manipulator by using the following equation, when I< ,.tf is given by the specified 
task. 
{5.24) 
5 .5 Simulation 
In this section, a redundant macro-micro manipulator moving in two dimension is used 
for simulation in order to investigate the validity of the proposed controller. 
The macro and micro manipulators are assumed to have three joints. The parameters 
of the macro and micro manipulators are shown in Table 5.1. The motion ranges in joint 
space are assumed as follows. 
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0 < QMl < 11 
- - 1T < QM2 < 0 
--1T < Q.\13 < 0 
0 < Qml < 11 
--1T < Q,2 < 0 
--1f < q,3 < 0 
Of course, the motion range of endpoint of the micro in this case is small because the 
lengths of links of the micro manipulator are shorter than those of the macro. 
Table 5.1. Para.meters of macro-micro manipulator 
(aL) macro manipulator 
link No. 1 2 I 3 
length LM,[m] 1 1 0.2 
mass mM,[kg] 10 10 2 
(b) micro manipulator 
link No. 1 2 3 
length L,,[m] 0.1 0.1 0.1 
mass m,i[kg] 0.1 0.1 0.1 
Initial position and orientation of the manipulator, shown in Fig. 5.2, are given by initial 
joint angle, qM(O) and qm (0). 
qM(O) = [37r/4 - 1rj2 - rr/4]T 
qm(O) = [37T/4 - 1f/2 - rr/4]T 
The desired position and orientation are assumed to be the same as the initial values. 
Initial velocity is assumed to be zero. 
The desired mechanical impedances are specified as follows. 
M Md = diag.[10, 10, 0.2] 
D Mr.t = diag.[200, 200, 4] 
K Mtl = diag.[lOOO, 1000, 20] 
M,.d = diag.[O.l, 0.1, 0.002] 
D r·d = diag.[200, 200, 0.4J 
K ,.d = diag.[1000, 1000, 20] 
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Fig. 5.2. Initial posture of redundant macro-micro manipulator for simulation. 
To specify the above parameters, the following guidelines are considered. 
1) The inertia of macro manipulator M Md should not be made small because the original 
value of it is not small. 
2) KMd should be specified by Eq. (5.24) for making the position and orientation of micro 
manipulator go to the desired position and orientation. 
3) D Md and Drd should be specified adequately by considering the damping factor of the 
second order system determined by Eqs. (5.10) and (5.11). 






1.0, ii = 11, 22, 33 
= 1.0, ii = 11, 22,33 
Firstly, position response is investigated when the constant external force along x axis, 
T ext = [ 150[N], O[N], O[Nm]]T, is applied. Figure 5.3(a) shows that the deviation of the 
end point r e appears faster than that of the macro manipulator r Me, so that of the micro 
manipulator appears faster as the result. The reason for these motions are that the natural 
frequencies as the second order systems of the macro manipulator and the endpoint are, 
KMt~ii = 10 [rad/s], ii = 11, 22,33 
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Fig. 5.3. Simulation results when external force is constant and J(Md = fftmdf(nlJM,d · 
Figure 5.3(b) shows the joint torques are not excessive because of the guideline 1). If this 
guideline is neglected, the joint torques must be excessive for changing the mass charac-
teristics. Furthermore, the deviation of the micro manipulator r ,,, goes to be zero, even 
when the x element of re is 150[N]/1000[N/m]=0.15[m]. Therefore, the proposed control ler 
8.) 
utilizes the small motion range of the micro manipulator effectively, against additional ex-
ternal forces. 
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Fig. 5.4. Simulation results when external force is constant and I< Mtl = Krd· 
Secondly, to investigate the result of Section 5.4, that is Eq. (5.24), a similar situation 
is tested except K Md = K rd· Even Fig. 5.4(b) shows that the joint torques are not large, 
and, Fig. 5.4(a) shows that the rme does not go to zero. Therefore, the first joint angle of 
the micro manipulator comes out of the motion range, as shown in Fig. 5.5. 
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Finally, the external force of the combined sine wave expressed by the follmving equation 
is applied. 
1'ext 
Fig. 5.5. Final posture of macro-micro manipulator. 
[ 
a1 (cos(2~/l'lt)- 1) + a2(~os(21T' fr2t)- 1) l 
T ext = a1 sm(21T' fdt) + a2 sm(21T' j,.2t) 
0 
(5.25) 
where a1 , a2 mean the amplitudes, /1'1, /,.2 mean the values of frequency. Here the 
case of a1 = 50[NJ, a2=25[N], fr1 =0.25[Hz], /,.2= 4.0[1-Iz] arc tested and shown in Fig. 5.6( a). 
Figure 5.6(b) shows that the macro manipulator moves according to the lower frequency 
element of the external force , on the other hand, the micro manipulator moves according 
to its higher frequency element. Figure 5.6(c) shows the joint torques are not excessive. 
The results of this simulation mean that the proposed controller lets the macro-micro 
manipulator share the load by the external force. Then, a motion control which utilizes 
both of the merits, the wide motion range of the macro manipulator and the high capability 
of compliant motion of the micro manipulator , can be available by the proposed controller. 
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5.6 Conclusio n 
The main results obtained in this chapter are summarized as follows. 
1) An impedance control scheme of redundant macro-micro manipulators is proposed. 
In the controller, not only the desired mechanical impedance of the endpoint, but also that 
of the macro manipulator are specified by considering the internal force applied at the tip 
of the macro manipulator. This control scheme can utilize both merits of the macro and 
micro manipulators, that is, the wide motion range of the macro manipulator and the high 
capability of compliant motion of the micro manipulator. 
2) The validity of the proposed controller is shown by several simulation results. It is 
shown that the macro manipulator moves according to the lower frequency element of the 
external force, and the micro manipulator moves according to its higher frequency element. 
Applying the proposed control scheme to macro-micro manipulators without the need 
for enough redundancy and to arms with multifingered hands is among the future topics. 
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Chapter 6 




Multifingered hands have the capability of high band width regarding positioning and 
force control, because of their small inertia. This is one of advantages of multifingered 
hands, however, small motion range is one of their disadvantages. Consequently. it is nec-
essary for multifingered hands to be attached to an arm. In such a case, manipulation 
can be realized by either part. This kind of combination is also a topic of the redundant 
macro-micro manipulators, where t.he multifingered hands correspond to the micro manipu-
lators and the a rms correspond to t.he macro manipulators. Therefore, the proposed control 
scheme for these redundant macro-micro manipulators in the previous chapter can be the 
base of the discussion in this chapter. However, it is necessary to realize simultaneously a 
non-slip grasping during manipulation. 
In this chapter, a new control scheme, which brings the ability of multifingered hands 
and arms into full play, is proposed. This control scheme has advantages not only to 
make the band width of manipulation high but also to use the big motion range of the 
arms. Moreover, the control scheme can realize secure grasping during manipulation like 
the control scheme proposed in Chapter 3. In Section 6.2, basic equations are provided. 
In Section 6.3, a new control scheme is proposed. In Section 6.4, the simulation results 
illustrate the validity of the proposed control scheme. In Section 6.5, the experimental 
results also illustrate the validity of it. 
93 
94 
6.2 Basic Equation 
6.2.1 Arm-Hand Mechanism 
Arm-hand mechanisms, discussed in this chapter, consist of arms and multifingered 
hands. The arms are assumed to have six DOF. The multifingered hands have three 
fingers, and each finger has three joints to make frictional point contact. The assumptions 
on the hands are same as in Chapter 2. 
In this section, basic equations of arm-hand mechanisms, shown in Fig. 6.1, are shown. 
The nomenclatures in this chapter are as follows: 
multifingered 
hand 
Fig. 6.1. Arm-hand mechanism. 
Ea : Base coordinate frame, the origin Oo 
EA : Arm coordinate frame, the origin OA 
EH : Hand coordinate frame, the origin OH 
C, : Contact point of i-th fingertip, i = 1, 2, 3 
p Fi E R3 : Position vector of Ci from Oo 
~Fi E R3 : Position vector of ci from OA 
11p Fi E R3 : Position vector of C, from OH 
p E R3 : Position vector of OH from Oo 
p A E R3 : Position vector of 0 A from Oo 
~HE R3 : Position vector of OH from OA 
</> E R3 : Orientation(roll-pitch-yaw) of ~H represented by ~n 
<I> A E R3 : Orientation(roll-pitch-yaw) of EA represented by En 
A</>11 E R3 : Orientation(roll-pitch-yaw) of EH represented by EA 
r = [pT </>TIT E R6 : Position and orientation of EH represented by En 
r A = lP1 4>11T E R6 : Position antd orientation of EA represented by Eo 
A,· H = ( ~);. A</> J; IT E R 6 : Position and orientation of EH represented by ~A 
w E R3 : Angular velocity vector of EH represented by En 
w A E R 3 : Angular velocity vector of EA represented by Eo 
Aw H E R3 : Angular velocity vector of EH represented by EA 
v =(PT w TIT E R6 : Velocity of object 
VA = (P1 w11T E R6 : Velocity of endpoint of arm 
Av11 = (Ap'}; AwJ;IT E R6 : Velocity of object represented by EA 
£J AH E R3 x3 : Rotational matrix from En to EH 
8 AA E R3x 3 : Rotational matrix from Eo to EA 
AAH E R3 X 3 : Rotational matrix from EA to EH 
qA E R6 : Joint valuable vector of arm 
qFi E R3 : Joint valuable vector of i-th finger. i = 1, 2,3 
q F = (q~1 q~2 q~3]T E R9 : J oint valuable vector of hand 
q = [q1 q~JT E R 15 : Joint valuable vector of arm-hand mechanism 
TA E R6 : J oint driving force vector of arm 
T F• E R3 : J oint driving force vectc>r of i-th finger 
T F E R9 : Joint driving force vector of hand 
T = [ T 1 T ~ JT E R 15 : Joint driving force vector of arm-hand mechanism 
/.; E R3 : Fingertip force of i-th fin,ger 
F = [!J f i J jJT E R9 : Fingertip force 
T E R6 : Total force applied at obj•ect 
T A E R6 : Force applied at endpointt of arm 
T E E R6 : External force applied at object 
where left-superscript expresses th,e coordinate frame. It is omitted when it expresses 
base coordinate frame, except for t.he rotational matrix. 
6.2.2 Kinematics beforH Grasping 
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In this subsection, basic kinematical equations are shown before the hand grasps an 
object. Here, the position and velocity of the fingertips should be made absolutely clear. 
The position and orientation of lthe end point of arm, and the position of i-th fingertip 
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represented by ~A are given as follows: 
Then, contact position pp, is, 
PA = PA(qA) 






By using Eqs. (6.1) "' (6.3), the velocity of the endpoint of arm, vA, and the Yelocity of 
fingertip, Ap p,, are: 
(6.5) 
(6.6) 
where, J A and AJ p, are the Jacobian matrices of the arm and of i-th finger on ~A. respec-
tively. Based on Eq. (6.4), the velocity of the contact point, ApFi• is shown to be, 
The velocity of fingertip, p F 
Eqs. (6.5)"' (6.7) fori= 1,2,3: 
where, 
[ 
J APl J A 8AAAJ F1 
J = J AF2 J A 0 
J AP3 J A 0 




In this subsection, basic kinematical equations are described after the hand grasps the 
object. Here, the relation between the two velocities should be made absolutely clear, 
where one is a set of velocities of the arm endpoint and the object, and the other one is 
the joint velocity. 
The position and orientation of the object are represented as follows: 
p=pA +8AA~H 
8 AH = 8 AAAAH 
(6.10) 
(6.11) 
When only the part of the hand is considered, the position of the i-th fingertip is represented 
by, 
A A AA H p Pi = p J/ + H p F i (6.12) 
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The velocity of fingertip, App = ['P~ 1 Ap~2 Ap~3r E R9 , is then obtained by differenti-
ating Eq. (6.12) fori= 1, 2, 3 and integrating them: 
A..:.. AJ A PP= HF VH (6.13) 
On the other hand, the velocity of fingertip is shown by integrating Eq. (6.6) fori= 1, 2, 3: 
(6.14) 
In case of non-slip grasping, a kinematical constraint exists among the fingers, and ob-
tained by using Eqs. (6.13) and (13.14): 
AJ · A J A PQp = HF Vlf (6.15) 
This constraint can be expressed by using the joint velocity of the whole mechanism. In 
this case, first, the position of the i-th fingertip on E0 , pp, is given by, 
BA ll p p, = PH+ }/ p p, (6.16) 
The velocity of fingertip is then obtained by differentiating Eq. (6.16) fori = 1, 2, 3 and 
integrating them: 
PF = J HFV ( 6.17) 
By using Eqs. (6.17) and (6.8), the following equation can be obtained: 
Jq = J JipV (6.18) 
Equation (6.18) shows the kinematical constraint from the viewpoint of the whole mecha-
nism. 
The following describes the rela1tion between the velocity of joint velocity q and a set of 
the velocities of the endpoint of ann vA and object v. 
First, by using Eq. (6.5) and (6.15), the relation between the joint valuables and the set 
of the velocity of the arm and hand can be obtained: 
(6.19) 
On the other hand , the velocity of object v E R6 is shown as follows: 
(6.20) 
where, 
J = [E3 -Pl AH 0 E3 (6.21) 
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{6.22) 
By modifying Eq. (6.20), the following equation can be obtained. 
{6.23) 




is the set of the velocities of the endpoint of the arm and object, and J is: 
(6.26) 
Equation (6.24) means that the velocity of the hand-arm is determined uniquely, when the 
velocities of the end point of the arm and object are specified simultaneously. 
The relations between two velocities, 'V A and r A, v and r are as follows: 
(6.27) 
(6.28) 
r A and 7· are used in specifying the desired manipulation. Equations (6.27) and (6.28) can 




6.2.4 Equation of Motion of Mechanism and Object 
The equations of motion of the arm-hand mechanism and object are: 
where, 
M /J + hq + J T F - r 





and M 9 E R15x 15 and h q E R 15 shows the inertia matrix and non-linear term of the 
mechanism M 0 E R6 x 6 and ho E R6 the inertia matrix and the non-linear term of the 
object, respectively. 
6.2.5 R epresentation of Grasping and Manipulating Forces 
In this subsection, the representations of the grasping and manipulating forces of three-
fingered hands are described brieftly. 
The grasping force F 9 = [t;~ f'J2 t ;3f E R9 and the manipulating force F w = 
[!~, 1 !~.2 f~3r E R9 are defined, in Chapter 2, as a component of the fingertip force 
F = [t J f 'J t jf E R9 . 
Representation of the grasping force is, 
(6.35) 
where, h 9 E R3 is the grasp parameter to determine the grasping force. 
Representation of the manipulating force is, 
{6.36) 
where, h m E R6 is the manipulation parameter. 
Fingertip force F is then shown as a sum of these forces in the following way. 
F = F 9 +Fm (6.37) 
6.3 Control Law 
In this section, a new control scheme of a rm-hand mechanisms is proposed. 
First, mechanical impedances are: specified not only at the object but also at the endpoint 




where M Ad. DAd, and K Ad are the desired matrices of inertia, coefficient of viscous friction 
and stiffness of the end point respectively; M rtl, D nl, and K rtl are those of the end point 
of the arm, respectively. rt(= r- rd) and 7'A1 (= r A- r Att) are the position errors of the 
object and the end point of the arm. rd , r Atl and Ar Htl are the desired positions of the 
object, the endpoint of the arm an.Q the hand part, respectively. 
~ 
(6.40) 
BA BA AA -1 Ad= Hd Hd (6.41) 
TA in Eq. (6.38) is the internal force applied at the end point of the arm from the hand. 
By utilizing this T A• the arm can move to compensate for any disadvantage of the small 
motion range of the hand. 
Equations (6.38) and (6.39) can be represented as follows: 
(6.42) 
[
MAd 0 l 
o M,.d ' 
_ [DAd 0 l Dd-
0 D rd 
[ KAd 0 l 0 K ,.d 
Equation (6.42) is the desired manipulation. 
On the other hand, the desired grasping is given as follows. 
(6.43) 
where, h 9ci is the desired value of grasp parameter h 9 . In the proposed controller, a secure 
grasp is realized by suitable h gd· 
The control law of arm-hand mechanisms is then represented in the following way: 
T c =To+ IAH 








(6 .. 50) 





where, Tc is the time constant in the first order lag for the desired response of the grasp 
parameter, and K F is the integral gain. 
The above control law can be dftvided into two parts. One is a compensator for linearizing 
the whole system, expressed by 18qs. (6.44) ,....., (6.52). By applying this compensator, the 
following relations can be yielded. 
r A= UJA (6.56) 
(6.57) 
(6.58} 
The another part is the controllers expressed by Eqs. (6.53) - (6.55). Equation (6.53) 
should be called the impedance realizer. 
6.4 Simulation 
6.4.1 1 DOF Arm-Hand System 
In this section, several simulation results show the validity of this controller. 
Figure 6.2 shows a 1 DOF arm-·hand system which consists of a 1 DOF arm and a two-
fingered 1 DOF hand with linear motion. In the figure, mA, mH, mF1, mF2 and m 0 are 
the mass of the arm, base of the hand, 1st finger, 2nd finger, and object, respectively. The 
equations of motion of this mecha.nism are represented as follows: 
Ann mAifA = rA +TA (6.59) 
Base of hand mHifA = -rFl - rF2- TA (6.60) 
1st finger mFI(iiA + ijpt) = rFl - /1 (6.61) 
2nd finger ffiFz( if A + ifFz) = Tpz - fz (6.62) 
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Equations (6.59) and (6.60) are shown separately to specify the force applied at the end point 
of arm TA, even if two parts move together. To integrate Eqs. (6.59) and (6.60), first, TA 
is eliminated using Eqs. (6.59) and (6.60), and the following equation is derived: 
(6.63) 
Then Eqs. (6.61) "'"'(6.63) are integrated into the following equation: 
MqCJ+ J TF = r (6.64) 
where, q E R3, FE R2, rE R3, and 
[
mA + ms + mFl + mF2 mFl 
Mq = mFl mp1 
mp2 0 
J = [ ~ ~ ~ l E R2x3 
Note that the dimensions of the vectors and the matrices are different from those in a 
general case. 
arm 
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Fig. 6.2. 1 DOF arm-hand mechanism. 
On the other hand, the equation of motion of the object is represented as follows: 
Mov T+TE 




where, v E R 1 , T E R1 , TEE Rl, and 
M o = rno E R 1 x 1 , J s F = [ ~ ] E R 2 x 1 
Regarding basic equations con·cerning kinematics, the following equations hold: 
(6.67) 
(6.68) 
The fingertip force, the grasping force and the manipulating force in this case are: 
F = F g+Fm (6.69) 
Fg B 9 h9 , hg ~ 0, B 9 = [ ~ 1] E R2 xl (6.70) 
F m = B mh11n1 hm ~ 0, B n1 = [ -(1 J.:_ J.:)] E R2 xt (6.71) 
where, the value of k( = 1 or 0) is selected as hm determined by Eqs. (6.66), (6.69) and 
(6.70): 
( T )-1 hw = J HFBm T (6 .72) 
is plus or equal to zero, described in Chapter 2. Then, F,d in this case is calculated by 
using Eq. {6.48): 
[Tod] , when Td ~ 0 
F md = (6.73) [ ~J , when Td < 0 
The values of mass are determined in the following way: 
mA = 10[kg], ms = 2.5[kg], mFl = mp2 = 0.2[kg] 
mo = 0. 1[kg] 
6.4.2 D esired Grasping and Manipulation 
In this section, the desired set of grasping and manipulation given to the proposed 
controller is described. 
The desired grasping is given by desired grasp parameter hqrl and some constants in the 
servo controller for grasping. These values are: 
h9d = 20[NJ, KF = 100[1/s], Tc = 0.05[s] 
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On the other hand, the desired manipulations are given by a set of the parameters in 
the equations for the desired mechanical impedances: 
J'v!Ad = 12.5[kg] 
DAd= 140 [N/(m/s)] 
KM= 800 [N/m] 
M,.<£= 0.5[kg] 
D,.d = 28 [N/(m/s)] 
K,.d = 800 [N /m] 
The values of the parameters are determined the following guidelines: 
1) The original mass characteristics of the mechanism grasping the object is 
considered. 
2) The grasping posture of the hand goes to the initial one when an external 
force is constant. 
3) The motion of the arm and the hand is stable. 
The details of these guidelines are described as follows. 
As for 1 ), the equation of motion of the mechanism grasping the object should be clear. 
As for preparation, the following relation about the accelerations can be derived by 
Eq. (6.67) 
(6.74) 
where v = [vA v]T E R2 . The following relation about the forces can also be derived using 
Eq. (6.67) 
-T -J T=T ( 6. 75) 
where T =[TA T]T E R2 . By using Eqs. (6.64), (6.74) and (6.75), and eliminating T and 
q, the following equation can be derived: 
J T M J V + J T JT F = T q (6.76) 
By using the values of J and J , the second term on the left side of Eq. (6.76) can be given 
as: 
(6.77) 
On the other hand, when external force TE is not applied to the object, the equation of 
the object motion can be represented by using Eqs. (6.65) and (6.66): 
mov =it+ fz (6. 78) 
Moreover, the next relation derived by Eq. (6.68) holds: 
v=r (6.79) 
Therefore, by using Eqs. (6.76) "' (6.79), the equation of motion of the whole system 
can be derived as follows: 




M means the original mass characteristics of the whole system. When the desired value 
of inertia M d is different from the original value, the driving force corresponding to the 
difference is required. In the simulaltion, Md is determined to be equal to M: 
MAd mA +mn 
Mrd - m F1 + m F2 + mo 
(6.81) 
(6.82) 
As for 2), due to the stiffness of the end point of the arm, KAd is determined as f{Atl = Krd· 
These values are determined in whicli1 the natural frequency of the end point of the arm and 
object, wA and w, are: 
wA = f!£ii = 8[rad/s], w = ~ = 40[rad/s] 
Generally, stiffness KAd should be determined as in Chapter 5: 
(6.83) 
J AHd in Eq. (6.83) can be calculated! using ApHd for Eq. (6.21), where ApHcl is the position 
vector of OH from 0 A when the hand is in the desired position. 
As for 3), DAd and Drd are determined as the coefficients of damping (A and ( as 0. 7: 
The initial values of the position and velocities are: 
r(O) = 0.5[m], Arn(O) = 0.1[m] 
<iA(O) = <iFI (0) = <iF2(0) = O[m/s] 
and the desired values of rd and ArHil are determined so as to be equal to their initial 
values. 
6.4.3 Simulation R esults 
In this section, the simulation results are described. However first, method for simulation 
is described prior to them. 
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The simulations in this chapter are for the arm-hand system moving under constraint 
among the fingertips. So it is necessary to get the motion of the mechanism which can 
satisfy the constraint and fingertip force simultaneously, for a given joint force. Therefore, 
the equation of motion of the mechanism is made clear considering as a regards the above 
intention. 
As for acceleration, the next equation is obtained by Eq. (6.18). 
(6 .84) 
The next equation is then obtained by eliminating v and T from Eqs. (6.84), (6.33) and 
(6.34). 
(6.85) 
Consequently, the equation of motion of the whole system can be derived using Eqs. ( 6.85) 
and (6.32): 
- [ q l -M q F = r (6.86) 
where, 
- q E R5 [ r - h l r = J HFM(/ (T e- ho) + j HFV- jq 
Since M q is a full rank matrix ( see Appendix A ), q and F can be obtained simultaneously 
by solving Eq. (6.86) for given joint force r. The sampling time for obtaining q and F is 
1 ms. q and q are obtained from q using the Euler method such that the step-size of the 
numerical integration is 0.1 ms. TA required in the control law is obtained using Eq. (6.60). 
During the first l[s) during each simulation, the object is assumed to be supported by a 
table at the initial position, because of realizing non-slip grasping. Therefore, the external 
force is applied after a second. 
First, the position and the force responses are inves tigated when the external force is 
changed as the step function, shown in Fig. 6.3(a). TA in this case is also shown in 
Fig. 6.3(a). 
For manipulation, Fig. 6.3(b) shows that the motion of the object appears faster than 
that of the endpoint of the arm, so that of the hand appears faster as a result. The reasons 
for these motions are that the natural frequency given to object w is larger than that given 
to the endpoint of ann wA. In addition, the position of hand Ar H goes to the initial position, 
even when the deviation of the object is Te/ Krd = 0.05[m]. That is, this control scheme 
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Fig. 6.3. Simulation results when the external force is changed as the step function. 
For grasping, Fig. 6.3( c) shows that grasp parameter h!1 converges to its desired value 
h9d soon, and that it follows the desired value during manipulation. Fig. 6.3(d) shows that 
the magnitudes of grasping forces f 91 and f92 are same as h9 , and that the magnitudes of 
fingertip forces j 91 and j 92 are equal to or larger than h9 during manipulation. Note that 
the difference between j 9 , and j 1 means manipulating force J," and fn" appear such that 
it makes the magnitude of the fingertip force large. This J," does not disturb the non-slip 
grasping realized by j 9 ,. 
The required driving force shown in Fig. 6.3( e) is not excessive, because the original 
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Fig. 6.4. Simulation results when the external force is changed as the sine wave. 
Second, the external force changed as sine wave is applied, and the position response is 
investigated. Figures 6.4(a) and 6.4(b) show the position responses when the frequencies 
are fr = 0.25[Hz] and fr = 4[Hz], respectively. We found that the arm part mainly moves 
when fr = 0.25[Hz] and that the ha.nd part mainly moves when J,. = 4[Hz]. This means 
that the motion distribution according to the frequency of the external force is possible. 
Third, when thinking of a general case, the external force changed as the composite sine 
wave is applied, which is shown by the following equation. 
(6.87) 
where, t' = t - 1 (~ 0). In this case, a 1 = 40[N], a2 = lO[N], Jr1 = 0.25[Hz], j,.2 = 4[Hz]. 












-80 .__ _ ____.JL__ _ ___l _ _ ___l __ _....L __ ___j 
0 2 3 
t [s) 
4 5 




'"::: 0.5 f----'~ 
i::: 












0 2 3 4 5 
t (s) 




~ 20 f-,..----------'l.l....L---...--------"'-1 
~ 0 
~ -20 f-'---T'7r'--'«------,.,.,-------i 
-40 
-60 ft 
-80 '----.L.-.--~--..J...._ _ ....L__ _ __J 
0 2 3 4 5 
. t [s] 




~ 20 t-..-'"----·,.,..."""'-/""o.J..._,_....~./"....J 
~ 0 1----""\ ~ 




-80 L..,_ ___ ,..__ _ ..__ _ .....___ _ ~-~ 
0 2 3 4 5 
t [s) 
(e) Joint force 
111 
Fig. 6.5. Simulation results when external force is changed as the composite sine wave. 
Figure 6.5(b) shows that the end point of the arm part moves according to the lower 
frequency element of the external force, but the hand part moves according to its higher 
frequency element. This results sug;gest to us that the mechanical impedances could be 
determined as the above motion dist;ribution occurs. Putting it more concretely, MA,t and 
Mrd should be determined as the natural frequency of the end point of the arm, WA is smaller 
than that of object w . The control of t he mechanism based on this idea makes it possible 
to utilize both merits of the arm and hand, that is the big motion range of the arm and 
the high capability of compliant motion of the hand. 
Figures 6.5(c) and 6.5(d) show the responses of the grasp parameter, the grasping force 
and the fingertip force. Grasp parameter h9 converges on hgtl and follows it, the magnitudes 
of the fingertip forces are equal to or larger than h9 during manipulation. These behaviors 
are the same as those in Fig. 6.3. 
Figure 6.5( e) shows that the required joint force is not excessive. 
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In the above simulations, using the grasping and manipulating forces seems to work 
well so as to realize secure grasping. To verify the above supposition, lets construct the 
controller without the grasping and manipulating forces and compare both results. 
As one example of the controller without the grasping and manipulating forces, there is 
a method to calculate desired fingertip force F d using the following equations instead of 
Eqs. (6.46)"' (6.48), (6.54) and (6.55): 
- -
F d F 9d + F mtl 
Fgd Fgd2 + K p j(Fgd2 - Fg)dt 
KF = diag.(kFl,kF2) 
F gd2 - [ ~ 1] hgd - TcF gd2 
( J T )t T = [Td/2] F md HF d ~t/2 





control input Fmd for manipulation is calculated by solving Eq. (6.34) for F using the 
pseudoinverse of J~ F· In Eq. (6.90), the desired value of element of the fingertip force for 
grasping is determined by h9d so as to make it agree with that in Figure 6.5. A method to 
detect F9 from F is described in Appendix B. 
Figure 6.6 shows the responses of position fi and f 9 , when the external force is the same 
as that in Figure 6.5, where the parameters are determined similar to these in Fig. 6.5 in 
the following way: 
h9d = 20[N], kFi = 100[1/s], Tr = 0.05[s] 
Figure 6.6(b) shows that the response of the fingertip force J, is different even when the 
position response in Fig. 6.6(a) is the same as in Fig. 6.5(b). The magnitudes of ft are 
not only equal to or larger than h9d, and are also sometimes in the inverse direction of 
the object inward. The reason for this behavior is caused from the calculation of Fmd by 
Eq. (6.91), and we find that the constant internal force can not be enough as the desired 
value for secure grasping in this case. This means that the proposed cont roller which uses 
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Fig. 6.6. Simulation results without the grasping and manipulating forces when the 
external force is changed as the composite sine wave. 
6.5 Experiment 
In this section, several experimental results are presented to demonstrate the validity 
of the proposed control scheme, which correspond to the results of the simulation in the 
previous section. 
A 1 DOF arm-hand mechanism used in the experiments is shown in Fig. 6.7. The both 
parts of the arm and two-fingered ha.nd can manipulate an object along the common line. 
Indeed, the two fingers which have links with a length of 0.08[m] are driven by revolute 
joints. However, the hand is treated as a hand with 1 DOF linear motion by converting the 
parameters of dynamics into those in linear motion. The values of mass of the mechanism 
are as follows: 
mA = 8.7[kg], mH = 4.3[kg], mFl = mp2 = 0. 15[kg] 
mo = 0.15[kg] 
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The friction of the arm are not negligible, therefore they are identified based on the 
method of identification[41]. The static friction forces are estimated as 30[NJ in plus direc-
tion and -31 \] in minus direction. The motion friction forces and the viscous frictional 
coefficients are also estimated as 16.0[1'\] and 57.7[N/(m/s)] in plus direction, -17.0[~] and 
65.7[N/(m/s)] in minus di rection. 
First, an external force like step function with a magnitude of 20[N] is applied by using 
a weighting mass and a pulley. Figure 6.8(a) shows detected external force, TE, calculated 
by, 
(6 .92) 
and the force applied at the endpoint of the arm, TA· Indeed, the exact external force is 
calculated by using Eqs. (6.65) and (6.66) with an acceleration of the object . However, the 
inertia term A!0 v is neglected in this experiment, because the mass of the object Mo is 
not big. Figure 6.8{b) shows that the motion of the object appears faster than that of the 
endpoint of the arm, and the hand goes to a position close to the initial position, those 
are similar to the results of simulation shown in Figure 6.3. In addition, Figs. 6.8(c) and 
6.8( d) show that the responses of the grasp parameter, the fingertip force and the grasping 
force are also similar to the results of simulation. The joint force shown in Fig. 6.8(e) are 
also similar to the results of simulation, even TA includes the joint force elements which 
compensate the friction forces. 
Second, the applied external force is changed like a sine wave. Figure 6.9 shows that the 
distribution of motion is possible according to the frequency of the external force, which is 
similar to the case in the simulation shown in Fig. 6.4. 
Finally, the applied force is changed like a composite sine wave in Fig. 6.10( a). By the 
figure, the two frequencies of the external force elements are found as about 0.25[Hz] and 
4[Hz]. Figure 6.10(b) shows that the endpoint of the arm part moves according to the 
lower frequency element of the external force, on the other hand, the hand part moves 
according to its higher frequency element. This results is qualitatively same as that in the 
simulation shown in Fig. 6.5. Figure 6.10(d) shows that the fingertip force keeps to be a 
push force, even the response of the grasp parameter shown in Fig. 6.10( c) is not so good. 
Figure 6.10(e) shows that the required joint force is not excessive. 
Above results correspond to those in the simulation, and illustrate the validity of the 
proposed control scheme. 
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(a) Whole mechanism and objec t 
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Fig. 6.10. Experimental results when the external force is changed like the composite sine 
wave 
6.6 Conclusion 
The major results obtained in this chapter are as summarized as follows. 
120 
1) A motion control scheme is proposed. For manipulation, this control scheme is based 
on the impedance control scheme of redundant macro-micro manipulators introduced in 
Chapter 5. In the control scheme, the arm is considered as the macro manipulator and the 
hand is considered as the micro manipulator. This control scheme can utilize both merits 
of the arm and hand, that is, the big motion range of the arm and the high capabili ty of 
compliant motion of the hand. This control scheme can also obtain secure grasping during 
manipulation. 
2) Simulation and experimental results illustrate the validity of the controller. 
The capability of the hand controlled by the proposed control scheme includes the ca-
pability of RCC proposed by Whitney[54]. Moreover, this control scheme can compensate 
for the small motion range of the hand which is a defect of RCC. Therefore, this control 
scheme is thought to be a major advancement regarding manipulation technology. 
Appendix A Proof that M q is Full Rank Matrix 
It is utilized in a way that the rank of the matrix does not change when a regular matrix 
is multiplied. 
rank(Mq) 
rank ([ -J~;' ; ,] M,) 
rank ( [ M q 1 T J T 1 T l) 
0 -JM~ J - J HFMo J HF 
rank(M q) 
+rank (1 J 
- 3+ 2 
5 (6.a) 
Appendix B detection of F9 without the Grasping 
and Manipulating Forces 
The following equations holds: 
T 









7 .1 Results of This ~rhesis 
Grasping and manipulation are two of the most important topics in the robotics field, 
which are very closely related to each other. Multifingered hands have the capability of 
grasping and manipulation. It is important for them to have a suitable fingertip force for 
secure grasping and desired manipulation. Moreover, the hand has to be attached to an 
arm in order to obtain a big motion range. In such a case, cooperative manipulation of the 
arm and the hand with secure grasping is important. 
In the first half of this thesis, Chapters 2 through 4, grasping and manipulation by 
multifingered hands have been discussed. In the second half of the thesis, Chapters 5 
and 6, cooperative manipulation by redundant macro-micro manipulators and cooperative 
manipulation with secure grasping by arm-hand systems has been discussed. 
In Chapter 2, a new definition of grasping and manipulating forces has been proposed 
for mult ifingered robot hands. The concept of grasp mode has also been introduced. An 
algorithm for decomposing a given fingertip force into the grasping and manipulating forces 
has been presented. This decomposition is required for the controller proposed in Chapter 
3. 
In Chapter 3, a dynamic manipulation/grasping controller of multifingered robot hands 
has been proposed, based on the dynamic control and hybrid position/force control. This 
controller , using the concept of the manipulating and grasping forces, consists of a compen-
sator which linearizes the whole grasping system and a servo-controller for the linearized 
system. The distinctive features of the proposed controller are: 1) It uses a grasp pa-
rameter, which has the same number of elements as that of the essential dimension of the 
internal force, as the controlled variables for the grasping control. 2) It decomposes the 
total force applied to the grasped object into the manipulating force which is a part of the 
fingertip force. 
In Chapter 4, a new method of the adaptive grasping for multifingered hands with the 
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constraints of static friction and joint torque, under the repeated manipulation tasks has 
been discussed. Then, a new algorithm of the adaptive grasping has been proposed. This 
algorithm realizes the desired manipulation without any slipping of the fingertips, adjusting 
the grasp parameter to the specified manipulation task. 
In Chapter 5, an impedance control scheme of redundant macro-micro manipulators has 
been proposed. In this control scheme, we can specify not only the desired mechanical 
impedance of the end effector but also that of the macro manipulator by considering the 
internal force applied at the tip of the macro manipulator. This control scheme can utilize 
both merits of the macro and micro manipulators. That is, by specifying a suitable set 
for the desired mechanical impedance, a compliant motion can be obtained without any 
excessive joint torque of the macro manipulator, and a big motion range of the macro 
manipulator can be used effectively to compensate for the small motion range of the micro 
manipulator. 
In Chapter 6, a control scheme for grasping and manipulation by arm-hand mechanisms 
has been proposed. The arm-hand mechanisms, consist of an arm and multifingered hand, 
have the same features as that of redundant macro-micro manipulator regarding manipula-
tion. That is: 1) manipulation is possible not only the arm but also using the hand, 2) the 
hand is suitable for compliant motion compared to the ann because of the small inertia, 
and the motion range of the arm is larger than that of the hand. The control scheme can 
utilize both merits of the arm and hand. Simultaneously, it can realize secure grasping 
during manipulation. 
The author believes that the results obtained in this thesis will contribute to advanced 
manipulation technology, and also help to realize dexterous manipulation, which can be 
had by the cooperative motions by the human arm and hand. 
7.2 Further R esearch Topics 
There are several further research topics about grasping and manipulation by multifin-
gered hands and arm-hand systems. 
For multifingered hands, one of the topics is the problem of the contact between the 
fingertips and an object. In this thesis, the point contact is assumed because it makes the 
problem on grasping and manipulation much clearer. However, we need to consider the 
rolling contact and elasticity of the fingertips as practical matters. 
Uncertainty is another topic of multifingered hands. A clearance in assembly tasks like 
insertion is often smaller than lO[J.Lin], and it is beyond the position accuracy of the robot 
hand. Toward such a problem, an intelligent motion control may be required based on task 
understanding. 
For arm-hand systems, the proposed control scheme must be a reasonable way to realize 
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cooperative motion of the ann and hand. However, there may be a more advanced control 
algorithm that is more flexible to the variety of real tasks. In such a case, a learnina 
0 
algorithm may be necessary to obtain a suitable mechanical impedance. 
To develop artificial hands for physically disabled persons is one of the most important 
topics for the author. Since, the au1thor believes that our society can be a truly affiuent 
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